Trace mineral supplementation in feedlot cattle: implications for the inflammatory response, growth, and carcass characteristics by Genther, Olivia Nicole
Graduate Theses and Dissertations Graduate College
2014
Trace mineral supplementation in feedlot cattle:
implications for the inflammatory response, growth,
and carcass characteristics
Olivia Nicole Genther
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, and the Animal Sciences Commons
This Dissertation is brought to you for free and open access by the Graduate College at Digital Repository @ Iowa State University. It has been accepted
for inclusion in Graduate Theses and Dissertations by an authorized administrator of Digital Repository @ Iowa State University. For more
information, please contact digirep@iastate.edu.
Recommended Citation
Genther, Olivia Nicole, "Trace mineral supplementation in feedlot cattle: implications for the inflammatory response, growth, and
carcass characteristics" (2014). Graduate Theses and Dissertations. Paper 14134.
Trace mineral supplementation in feedlot cattle: Implications for the inflammatory 
response, growth, and carcass characteristics 
 
by 
 
Olivia Nicole Genther 
 
 
 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
 
Major:  Nutritional Sciences 
  
Program of Study Committee: 
Stephanie L. Hansen, Major Professor  
Mary Drewnoski 
Nicholas Gabler 
Elisabeth Huff-Lonergan 
James Russell  
 
 
 
 
 
 
Iowa State University 
Ames, Iowa 
2014
  
 
ii
TABLE OF CONTENTS 
             Page 
NOMENCLATURE ..................................................................................................      vi 
ABSTRACT ............................................................................................................... viii 
CHAPTER 1  GENERAL INTRODUCTION  ...................................................... 1  
 Dissertation Organization .................................................................................... 2 
 
CHAPTER 2  REVIEW OF THE LITERATURE  ............................................... 4 
 Brief Biological Functions of Copper, Manganese, Selenium, and Zinc ............ 4 
  Copper  ......................................................................................................... 4 
  Manganese  .................................................................................................... 4 
  Selenium  ....................................................................................................... 5 
  Zinc   ......................................................................................................... 5 
 Dietary Trace Mineral Contributions from Feedstuffs  ....................................... 6 
 Trace Mineral Interactions ................................................................................... 13 
  Copper, molybdenum, and sulfur................................................................... 13 
  Copper, manganese, zinc, and sulfur  ............................................................ 16 
  Copper and iron ............................................................................................. 16 
  Manganese and iron ....................................................................................... 18 
  Copper and zinc ............................................................................................. 19 
 Alternative Trace Mineral Supplementation ........................................................ 21 
  Hydroxylated trace minerals  ......................................................................... 21 
  Injectable trace minerals  ............................................................................... 23 
 Trace Mineral Status Indices ............................................................................... 24 
  Copper biomarkers  ........................................................................................ 25 
  Selenium biomarkers  .................................................................................... 29 
  Zinc biomarkers ............................................................................................. 31 
  Manganese biomarkers .................................................................................. 34 
 Trace Minerals and Growth and Carcass Characteristics .................................... 37 
  Zinc   ......................................................................................................... 38 
  Copper .........................................................................................................  41 
  Manganese  ....................................................................................................  45 
  Selenium  ....................................................................................................... 46 
 Markers of the Inflammatory Response ............................................................... 48  
  Cytokines ....................................................................................................... 50 
  Haptoglobin ................................................................................................... 53 
  Ceruloplasmin  ............................................................................................... 56 
  Blood leukocyte profile.................................................................................. 56 
 Transit Stress ........................................................................................................ 59 
 β-adrenergic Receptor Agonists in Beef Production  .......................................... 65 
  Zinc and β-adrenergic receptor interrelationships  ........................................ 68 
 Literature Cited  ................................................................................................... 71 
 
  
 
iii 
CHAPTER 3       THE EFFECT OF TRACE MINERAL SOURCE AND 
CONCENTRATION ON RUMINAL DIGESTION AND MINERAL 
SOLUBILITY ......................................................................................................... 86 
 Abstract   .............................................................................................................. 86 
 Introduction  ......................................................................................................... 87 
 Materials and Methods  ........................................................................................ 89 
  Statistical analysis  ......................................................................................... 92 
 Results .................................................................................................................. 92 
 Discussion  ......................................................................................................... 95 
 Literature Cited  ................................................................................................... 100 
 
CHAPTER 4   A MULTI-ELEMENT TRACE MINERAL INJECTION 
IMPROVES LIVER COPPER AND SELENIUM CONCENTRATIONS AND 
MANGANESE SUPEROXIDE DISMUTASE ACTIVITY IN BEEF STEERS  ....    108 
 Abstract  ......................................................................................................... 108 
 Introduction  ...................................................................................................  109 
 Materials and Methods  .................................................................................. 110 
  Depletion period  .................................................................................. 110 
  Shipping period  .................................................................................... 111 
  Repletion period  .................................................................................. 111 
  Tissue analysis ...................................................................................... 112 
  Neutrophil isolation and function  ........................................................ 113 
  Statistical analysis  ................................................................................ 114 
 Results  ........................................................................................................... 114 
  Depletion period liver trace mineral concentrations  ............................ 114 
Repletion period plasma and red blood cell lysate trace mineral  
concentrations and enzyme activities  .................................................. 115 
  Repletion period liver trace mineral concentrations  ............................ 115 
  Neutrophil function  .............................................................................. 116 
 Discussion  ..................................................................................................... 116 
 Literature Cited  ............................................................................................. 124 
 
CHAPTER 5      EFFECT OF DIETARY TRACE MINERAL 
SUPPLEMENTATION AND A MULTI-ELEMENT TRACE MINERAL 
INJECTION ON SHIPPING RESPONSE AND GROWTH PERFORMANCE OF 
BEEF CATTLE ......................................................................................................... 137 
 Abstract  ......................................................................................................... 137 
 Introduction  ................................................................................................... 138 
 Materials and Methods  .................................................................................. 139 
  Depletion period  .................................................................................. 139 
  Shipping period ..................................................................................... 141 
  Repletion period  .................................................................................. 141 
  Feed sampling and analysis  ................................................................. 142 
  Statistical analysis ................................................................................. 143 
 Results  ........................................................................................................... 144 
  Growth performance ............................................................................. 144 
  
 
iv
  Carcass characteristics  ......................................................................... 145 
  Discussion  ............................................................................................ 146 
  Literature Cited  .............................................................................................   152 
 
CHAPTER 6 EFFECT OF A MULTI-ELEMENT TRACE MINERAL 
INJECTION PRIOR TO TRANSIT STRESS ON INFLAMMATORY 
RESPONSE, GROWTH PERFORMANCE AND CARCASS 
CHARACTERISICS OF BEEF STEERS ................................................................. 162 
 Abstract   .............................................................................................................. 162 
 Introduction  ......................................................................................................... 163 
 Materials and Methods  ........................................................................................ 164 
  Preconditioning period  .................................................................................. 164 
  Transit period  ................................................................................................ 165 
  14 d post-shipping period and growing period .............................................. 166 
  Finishing period ............................................................................................. 167 
  Feed and tissue sampling  .............................................................................. 167 
  Tissue analysis ............................................................................................... 168 
  Statistical analysis  ......................................................................................... 168 
 Results  ................................................................................................................. 170 
  Preconditioning period  .................................................................................. 170 
  Transit stress period  ...................................................................................... 170 
  Blood trace mineral profile  ........................................................................... 171 
  Complete blood count  ................................................................................... 172 
  Inflammatory and stress response markers  ................................................... 173 
  14 d post-transit performance  ....................................................................... 174 
  Growing period  ............................................................................................. 175 
  Finishing period  ............................................................................................ 175 
  Carcass characteristics  .................................................................................. 175 
 Discussion  ......................................................................................................... 176 
 Literature Cited  ................................................................................................... 182 
 
CHAPTER 7 SUPPLEMENTAL ZINC AMINO ACID COMPLEX 
ENHANCES GROWTH RESPONSE IN BEEF CATTLE FED RACTOPAMINE 
HYDROCHLORIDE ................................................................................................. 197 
 Abstract  ............................................................................................................... 197 
 Introduction  ......................................................................................................... 198 
 Materials and Methods  ........................................................................................ 199 
  Feed and tissue sampling and analysis .......................................................... 201 
  Statistical Analysis  ........................................................................................ 203 
 Results  ................................................................................................................. 204 
  Pre-RAC period growth performance ............................................................ 204 
  Pre-RAC period plasma analytes and tissue trace mineral concentrations .... 205 
  RAC period growth performance  .................................................................. 206 
  Carcass characteristics  .................................................................................. 206 
  RAC period plasma analytes and tissue trace mineral concentrations  ......... 207 
 Discussion  ......................................................................................................... 208 
  
 
v
 Literature Cited  ................................................................................................... 215 
 
CHAPTER 8     GENERAL CONCLUSIONS .......................................................... 228 
 
 
  
 
vi
NOMENCLATURE 
 
ADG  Average daily gain 
BF  12th rib back fat 
BW  Body weight 
cAMP  Cyclic adenosine monophosphate 
CP  Crude protein 
Cu  Copper 
d  Day 
DM  Dry matter 
DMI  Dry matter intake 
EDTA  Ethylenediaminetetraacetic acid 
Fe  Iron 
G:F  Gain-to-feed ratio 
GPx  Glutathione peroxidase 
h  Hour 
Hb  Hemoglobin 
HCW  Hot carcass weight 
KPH  Kidney, pelvic, heart fat 
Mn  Manganese 
Mo  Molybdenum 
MS  Marbling score 
NDF  Neutral detergent fiber 
  
 
vii
NRC  National Research Council 
OM  Organic matter 
QG  Quality grade 
RAC  Ractopamine hydrochloride 
REA  Ribeye area 
S  Sulfur 
Se  Sekenium 
SEM  Standard error of the mean 
SOD  Superoxide dismutase 
TM  Trace mineral 
wk  Week 
YG  Yield grade 
Zn  Zinc
  
 
viii 
ABSTRACT 
 
Trace minerals are important components of many biological functions, including growth 
and development, and the immune response. Trace minerals are often supplemented to cattle, but 
interactions within the rumen and poor bioavailability can lead to decreased trace mineral status. 
Additionally, stressors such as transit and disease challenges, and perhaps growth-promoting 
technologies, may alter trace mineral needs, although this relationship has not been investigated. 
This research was designed to: 1) examine the effect of trace mineral source and concentration 
on ruminal dry matter digestibility and mineral solubility, 2) determine the effect of trace mineral 
status on the response to a trace mineral injection in feedlot steers, 3) determine the effect of a 
trace mineral injection prior to transit, on beef cattle response to transit and growth and carcass 
characteristics, and 4) investigate the interaction between the β- agonist ractopamine 
hydrochloride and a supplemental Zn-amino acid complex in growth performance of feedlot 
cattle. It was hypothesized that improvements to trace mineral status through supplementation 
would improve cattle health and growth performance. After completion of our first objective, it 
was determined that inorganic (sulfates) trace mineral supplementation decreased ruminal dry 
matter digestibility, but hydroxylated trace mineral supplementation had no impact on dry matter 
digestibility, relative to no trace mineral supplementation. Additionally, Mn and Cu from 
hydroxy sources were less soluble in the rumen, and Cu from hydroxy sources was equally 
soluble in the abomasum when compared with the sulfate source. Hydroxy trace mineral sources 
are less soluble in the rumen, which can prevent negative trace mineral and dietary component 
interactions within the rumen. After completion of our second objective, we determined that 
steers with mildly deficient trace mineral status experienced greater body weight loss in response 
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to transit. Additionally, trace mineral injection can increase liver Cu and Se for up to 30 d post-
injection, and can improve marbling score and ribeye area regardless of previous trace mineral 
supplementation. After completion of our third objective, it was determined that a trace mineral 
injection 28 d prior to transit, or feed and water restriction did not change the physiological 
response to transit or feed and water restriction, but did cause a decrease in growth performance 
for the 14 d period post-transit. However, there was no overall effect on growth performance or 
carcass characteristics when the entire feeding period was evaluated. Trace mineral injection is 
an effective way to rapidly increase trace mineral status, but may be most effective in improving 
growth performance and immune function in cattle with less than adequate trace mineral status. 
Finally, after completion of our fourth objective, it was determined that increasing 
supplementation of a Zn amino acid complex (30, 60, and 90 mg Zn/kg diet DM) to a diet that 
already contained 88 mg Zn/kg diet DM led to a linear improvement in average daily gain, feed 
efficiency, final body weight, and tended to increase hot carcass weight in steers that were also 
supplemented with ractopamine hydrochloride. The Zn requirements of cattle supplemented with 
a β-agonist may be greater than previously estimated, as demonstrated by the improved growth 
response to Zn supplementation in ractopamine hydrochloride supplemented cattle.  
Overall, this research suggests that trace mineral supplementation to feedlot cattle above 
documented requirements may be most beneficial in cattle with inadequate trace mineral status, 
or cattle experiencing rapid growth in response to a growth-promoting technology.
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CHAPTER 1. 
GENERAL INTRODUCTION 
 
Trace minerals are required in small amounts in the body, but are very important for 
numerous biochemical processes (Suttle, 2010). There are 8 trace minerals required by cattle: 
cobalt (Co), copper (Cu), iodide (I), iron (Fe), manganese (Mn), molybdenum (Mo), selenium 
(Se) and zinc (Zn; Hambidge, 2003). This dissertation is focused specifically on the trace 
minerals Cu, Mn, Se and Zn, as they were the trace minerals included in the experiments 
described. 
The requirements for these trace minerals have been established based on the requirement 
of a healthy, non-stressed animal to maintain adequate growth performance or prevent negative 
interactions with other trace minerals. The requirements have been defined as 10 mg Cu, 20 mg 
Mn, 0.1 mg Se and 30 mg Zn/kg diet DM for beef cattle (NRC, 2000). However typical 
production practices have the potential to alter these requirements. The bioavailability of trace 
minerals in feedstuffs and supplemental trace mineral sources can vary, and interactions with 
feed components and other minerals within the gastrointestinal tract, including competition for 
absorption, may alter trace mineral status (Suttle, 2010). Modern cattle also experience 
significant stressors throughout their productive lives, including transit stress and disease 
challenges (Hutcheson and Cole, 1986). Stress induced by transit or disease can lead to body 
weight loss (Hutcheson and Cole, 1986), increased acute phase proteins (Arthington et al., 2008), 
increased markers of oxidative stress (Chirase et al., 2004), and increased Cu and Zn excretion 
(Orr et al., 1990).  The NRC (2000) notes that while research does not support a change in the 
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mineral requirement of stressed cattle, decreased feed intake associated with stress suggests that 
greater concentrations of trace minerals in the diet may be required to maintain proper mineral 
intake.  
In addition, the effect of growth promoting technologies commonly used in conventional 
beef production such as ionophores, steroid implants, and β-adrenergic agonists (Wileman et al., 
2009) have not been considered relative to trace mineral requirements. These technologies can 
result in average daily gain (ADG), live body weight (BW) and hot carcass weight (HCW) 
improvements over natural systems without growth-promoting technologies (Winterholler et al., 
2008), but the effects that these technologies may have on trace mineral requirements, or whether 
additional trace mineral supplementation may support maximum growth, is unknown. The role 
of trace minerals in several antioxidant and growth-related processes suggests that additional 
trace mineral supplementation could be beneficial, and has the potential to optimize growth and 
health performance of beef cattle in some situations. This research was designed to evaluate the 
effects of trace mineral supplementation on the inflammatory response, and growth and carcass 
characteristics in feedlot cattle in response to modern production practices such as transit or use 
of β-adrenergic agonists. 
 
Dissertation Organization 
 The following chapter (2) contains a review of the literature regarding trace minerals in 
feedlot cattle diets and biomarkers for measuring trace mineral status and the inflammatory 
response. It will also include relevant information about the impact of transit stress in cattle, and 
information about the β-adrenergic receptor agonist, ractopamine hydrochloride, and potential 
interactions with trace mineral supplementation. The next 5 chapters present research completed 
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in these subjects, with manuscripts accepted or submitted to the Journal of Animal Science or 
Journal of Dairy Science. Specifically, chapter 3 investigates the influence of trace mineral 
source and concentration on diet digestibility and ruminal solubility in steers. Chapters 4 and 5 
detail research completed in growing and finishing cattle of varying trace mineral status, and the 
influence of shipping and trace mineral injection on trace mineral status, live growth 
performance, and carcass characteristics. Chapter 6 includes research to determine the effect of a 
trace mineral injection prior to shipping on the growth, inflammatory, and trace mineral status 
responses to shipping, as well as growing and finishing phase growth performance. Chapter 7 
details the interaction of a supplemental Zn-amino acid complex and the β-agonist ractopamine 
hydrochloride on growth performance, carcass characteristics, trace mineral status, and the 
inflammatory response of finishing cattle. Finally, chapter 8 will conclude this dissertation with a 
summary of overall research findings, conclusions, and suggestions for future research. 
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CHAPTER 2. 
 
REVIEW OF THE LITERATURE 
 
 
 
 
Brief Review of the Biological Functions of Copper, Manganese, Selenium, and Zinc 
 
 
Copper 
 
Copper is required for the function of several enzymes within the body, including the 
antioxidant enzyme Cu/Zn superoxide dismutase (SOD), which catalyzes the conversion of the 
superoxide radical to hydrogen peroxide within the cytosol (Tainer et al., 1983). Copper is also a 
component of the enzyme ceruloplasmin, which acts as a Cu transport protein (Hsieh and 
Frieden, 1975) and a ferroxidase that oxidizes ferrous Fe to ferric Fe (Patel et al., 2002). Copper 
is also essential as a part of lysyl oxidase, an enzyme that is required for formation of covalent 
cross-links between elastin and collagen within the extracellular matrix (Kagan and Li, 2003), as 
well as part of cytochome C oxidase, also known as Complex IV within the electron transport 
chain, necessary for ATP production (Tsukihara et al., 1995).  
 
Manganese 
 Manganese is required for the function of Mn-SOD, which is an isoform of SOD found in 
the mitochondria (Weisiger and Fridovich, 1973). Manganese plays a significant role in 
carbohydrate metabolism as a part of pyruvate carboxylase, and phosphoenolphyruvate 
carboxykinase, and also nitrogen metabolism, as a cofactor for arginase, critical in the urea cycle 
(Leach and Harris, 1997). Manganese is also required for the function of glycosyltransferases, 
which synthesize mucopolysaccharides in cartilage, to allow for proper bone formation (Suttle, 
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2010). Manganese has also been hypothesized to be involved in cholesterol synthesis (Davis et 
al., 1990) and Mn deficiency has been shown to impair reproductive performance in ruminants 
(Hansen et al., 2006a,b), although the mechanisms behind this impairment remain unclear. 
 
Selenium 
 Selenium is a component of approximately 25 selenoproteins (Beckett and Arthur, 2005). 
Selenocysteine has often been called the 21st amino acid, and Se is generally incorporated into 
selenomethionine and selenocysteine in the body (Daniels, 1996). It is an important cofactor for 
the antioxidant enzyme glutathione peroxidase that catalyzes the conversion of hydrogen 
peroxide to water (Rotruck et al., 1973). Selenium is also involved in maintenance of the basal 
metabolic rate, as it is required for the function of iodothyronine 5’-deiodinase, which converts 
the less biologically active thyroxine (T4) into the active triiodothyronine (T3; Arthur and 
Beckett, 1994). 
 
Zinc 
There have been over 300 Zn-dependent enzymes, and over 2,000 Zn-dependent 
transcription factors identified within mammals (Suttle, 2010). Therefore, listing the functions of 
Zn within the body is nearly impossible. However, some of the more important and relevant 
functions include being required for the function of Cu/Zn superoxide dismutase (Tainer et al., 
1983), protein zinc-fingers (Berg, 1990), insulin biosynthesis and secretion (Roth and 
Kirchgessner, 1981), and functions within the immune system (Rink and Gabriel, 2000).  
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Dietary Trace Mineral Contributions from Feedstuffs 
Livestock obtain minerals through feedstuffs. However, the trace mineral content of a 
feedstuff varies depending on many factors, but is mainly dependent on soil mineral content 
(Smart et al., 1981). Plant mineral uptake from soil is dependent on soil pH (Suttle, 2010) and 
overall content is dependent on plant type and stage of maturity. The release and solubility of 
minerals from feeds can be quite variable depending on the type and source of mineral and NDF 
content of the diet, and supplemental trace mineral availability can vary depending on mineral 
source.  Trace mineral availability from feedstuffs has been understudied, and little is known 
about how trace minerals, from both dietary feedstuffs and supplemental sources, and feedstuffs 
interact within the rumen. 
The release and solubilization of trace minerals from feeds is essential for dietary trace 
minerals to be available for absorption to the animal. Zinc release from alfalfa hay containing 26 
mg Zn/kg DM and 49.3% NDF (17% CP) incubated in the rumen in Dacron bags for 72 hours 
had a maximal release of 69%, reached after 24 h (Emanuele and Staples, 1990).  In contrast, 
solubilities of Zn, Mn, and Cu in the ruminal fluid of sheep fed dried grass (40 mg Zn, 60 mg 
Mn, 6 mg Cu/kg DM; no additional compositional information indicated) were much less 
(Bremner, 1970). The water solubility of trace minerals from this forage were greater than 50%. 
However, solubility of the trace minerals within the rumen, as measured by collecting the 
supernatant after centrifugation of rumen fluid at 38,000 × g for 1 h, were 5.9, 8.2, and 18.8 % 
for Zn, Mn, and Cu respectively (Bremner, 1970). Researchers have hypothesized that insoluble 
trace mineral complexes may form within the rumen, perhaps associated with microbial matter 
(Bremner, 1970). While Zn and Mn appear to dissociate from these ruminally insoluble 
complexes upon entering the low pH of the abomasum, Cu does not (Bremner, 1970). Variable 
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results from these studies could be related to the many factors that can impact trace mineral 
disappearance and solubility, including CP content, and formation of insoluble complexes with 
microbial or particulate matter. 
Dietary NDF content can influence mineral solubility (Kabaija and Smith, 1988a; Ivan 
and Viera, 1981). Release of Cu and Zn from several types of tropical grasses and legumes 
averaged only 30% as measured using in situ forage disappearance bags incubated for 48 h in 
rams fed 300 g of a concentrate mixture (89% whole maize, 5% groundnut cake, 5% palm kernel 
meal, 0.75% bone meal, and 0.25% common salt, as fed basis) and a mixture of four forages ad 
libitum, Gliricidia and Leucaene legumes, and Guinea and giant star grasses (Kabaija and Smith, 
1988a). Forages that had greater NDF content (Guinea grass: 56.5% NDF and 9.0 mg Cu/kg or 
giant star grass: 58% NDF and 5.5 mg Cu/kg) had lesser Cu disappearance (18.5%) than forages 
with lesser NDF (Gliricidia legume: 35.5% NDF and 9.8 mg Cu/kg or Leucaena legume: 21.5% 
NDF and 6.9 mg Cu/kg) which had 45% and 27% Cu disappearance, respectively (Kabaija and 
Smith, 1988a). It is possible that Cu from feedstuffs is associated with fiber in the plant, 
decreasing Cu release from the forages with greater NDF content, although this has not been 
investigated. In contrast, Mn disappearance was greater in forages containing a greater 
proportion of NDF (1.9, 4.2, 29.0, and 46.2% Mn disappearance in forages containing 21.5, 35.5, 
56.5 and 58.0% NDF, respectively). Manganese could be associated with a digestible portion of 
fiber, in contrast to Cu, causing more Mn to be released as forages have greater NDF content, 
although again this has not been investigated. Despite demonstrating greater Mn disappearance, 
lesser Cu disappearance, and no impact on Zn disappearance with increasing dietary NDF 
content, ruminal solubility of trace minerals does not necessarily appear to follow the same 
trends as mineral disappearance.  
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Sheep fed a total mixed ration containing ground Guinea (Panicum maximum) grass hay, 
ground corn, ground nutcake, and bone meal, with increasing amounts of dried and ground 
Guinea grass hay (replacing ground corn) to increase dietary NDF (15.5%, 33.5%, and 60.0%; 
diet CP concentrations were not indicated) were sacrificed, and the contents of the GI tract were 
freeze-dried and then separated into soluble and non-soluble fractions by mixing dried contents 
with distilled water, followed by ultra-centrifugation at 70,000 × g (Kabaija and Smith, 1988b). 
Sheep fed diets containing increasing concentrations of NDF had decreasing soluble Zn within 
the rumen (31%, 20.6%, 5.8%, respectively) despite having very similar dietary Zn content (39, 
45, 40 mg Zn/kg, respectively; Kabaija and Smith, 1988b). Zinc solubility was greater in the 
abomasum, (35%, 26% and 55%, as dietary NDF increased across treatments, respectively). In 
contrast to their previous work, Mn ruminal solubility was much greater in the diet containing 
the least NDF (42% soluble) relative to diets containing greater NDF content (33.5 and 60% 
NDF, Mn ruminal solubility was 7.1 and 6.8 %, respectively), but abomasal solubility was not 
affected by diet (24, 21, and 18% soluble for diets containing 15.5, 33.5, and 60% NDF, 
respectively).  Copper ruminal solubility was not impacted by increasing fiber content of the diet 
(58%, 48.5%, and 57.2%, respectively) and was quite soluble within the abomasum (64%, 27%, 
59%, respectively). The relatively greater abomasal Cu solubility is in contrast to most other 
work, where Cu solubility generally decreases under abomasal conditions relative to ruminal 
solubility (Bremner, 1970; Ivan and Veira, 1981; Ward and Spears, 1993). The methods for these 
additional papers include measuring abomasal solubility through in vitro simulation, through 
acid and enzyme addition (Ward and Spears, 1993), or a similar in vivo method used by Kabaija 
and Smith (1988b; Bremner, 1970; Ivan and Veira, 1981) but the contents collected were not 
subjected to drying prior to ultra-centrifugation. It is possible that the freeze-drying process used 
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by Kabaija and Smith (1988b) causes release of Cu, although this cannot be concluded with 
certainty. Overall, the NDF content of a diet appears to have a negative impact on Cu and Zn 
release from feedstuffs and solubility from diets. It has been hypothesized that mineral impacted 
by dietary NDF content may become fixed to dietary fiber (Kabaija and Smith, 1988b), 
decreasing overall digestibility of fiber and preventing greater mineral solubility, although 
research confirming this hypothesis in non-mineral supplemented feeds has not been completed. 
Dietary CP content can also impact mineral solubility. Increasing dietary CP 
concentration (7, 11, 15, and 19%) linearly decreases the solubility of Cu in the abomasum of 
sheep from 33% to 21%, and decreased the solubility of Cu in the rumen of sheep from 23.5% to 
15% (Ivan and Veira, 1981). Ward (1978) noted that highly soluble and degradable protein from 
fresh pasture might result in the production of sulfide from rumen microbial fermentation of 
sulfur-containing amino acids. This sulfide may be contributing to formation of insoluble Cu 
sulfide, potentially decreasing Cu solubility in the rumen.  
Overall, research regarding trace mineral solubility from feedstuffs suggests that even if 
feedstuffs contain sufficient trace mineral concentrations according to NRC recommendations 
(NRC, 2000), mineral disappearance and solubility may be influenced by dietary components 
and trace minerals may not be fully available to the animal for absorption. For this reason, trace 
mineral supplementation is very common. However, some research has suggested that trace 
mineral supplementation can adversely impact feed digestion. The addition of increasing 
concentrations of Zn (0, 5, 10, 15 and 20 mg Zn as ZnCl2/L, corresponding to dietary 
concentrations of approximately 0, 130, 260, 390, and 520 mg Zn/kg based on calculations from 
the authors) to in vitro tubes containing 0.5 g of ground prairie hay, and rumen fluid (from steers 
consuming prairie hay and a supplement mainly composed of ground corn with no supplemental 
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Zn) mixed with McDougalls artificial saliva buffer (rumen and buffer solution was 40 mL total 
volume), decreased in vitro DM disappearance linearly (44.7, 44.3, 43.8, 43.2, and 40.9% of DM 
had disappeared after 24 h; Arelovich et al., 2000).  However, the addition of 100 mg of Mn as 
MnCl2/L to the in vitro incubation medium (dietary equivalent was not calculated) increased in 
vitro DM digestibility relative to no supplemental Mn (44.7 % and 42.0%, respectively). 
Researchers from the same group (Arelovich et al., 2008) found the addition of 430 mg 
supplemental Zn/kg diet DM from ZnCl2 (basal diet Zn concentration was not indicated) fed to 
steers did not impact ruminal fluid kinetics, such as ruminal fluid dilution rate, turnover time, or 
volume, suggesting that supplemental Zn does not impact ruminal function. Also, supplemental 
Zn did not impact DM digestibility or ruminal in situ degradability of alfalfa hay or barley grain 
in this study. Overall, the interaction between NDF and trace minerals may be detrimental to 
both trace mineral availability and fiber digestion and trace mineral availability within the 
rumen. Additional work suggested that this might be caused by a decrease in cellulose digestion 
specifically (Eryavuz and Dehority, 2009). Those researchers evaluated in vitro digestion of 
0.015 g/mL of a purified cellulose medium in tubes containing a rumen fluid buffer mixture, and 
either 0, 50, 100 or 150 mg Zn/mL as ZnSO4. Tubes were incubated for 24 or 48 h, and after 
incubation, subjected to centrifugation at 1,000 × g for 10 min, and the pellet was digested with 
acid detergent solution to obtain ADF. They found that purified cellulose digestion was 
decreased by the addition of 50, 100, and 150 µg Zn/mL after 24 h relative to 0 mg Zn/mL, but 
after 48 h only cellulose digestion of in vitro tubes containing 100 and 150 µg Zn/mL was lesser 
than tubes containing 0 mg Zn/mL (Eryavuz and Dehority, 2009), indicating that cellulase 
production eventually overcame the Zn inhibition in the lesser Zn treatments. Interestingly, 
cellulolytic bacterial concentrations, as determined using the most-probable number assay 
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(Dehority, 1989) were also lesser in tubes containing Zn. The authors hypothesized that Zn may 
inhibit the activity of cellulolytic bacteria by binding to the surface of bacteria, preventing 
adhesion of bacteria to fiber which is required for digestion. This interaction will not only 
decrease fiber digestion, but also can decrease mineral availability, and decrease bacterial growth 
due to reduced energy available for growth. However, the authors also noted that 25 and 50 µg 
Zn/mL in the medium is approximately equivalent to 1,000 and 2,000 mg/kg diet DM, several 
times greater than typical ruminant diets. 
Similarly, trace mineral supplementation may decrease digestibility of other nutrient 
fractions of the diet. Arthington (2005) compared steers with intraruminal CuO boluses (12.5 g 
of CuO needles) and non-bolus control steers, all fed ground limpograss hay (8.65 mg Cu/kg 
DM), to evaluate the impact of Cu on forage apparent digestibility, as measured using total fecal 
collection in two periods, 12 d and 33 d after bolus administration. Copper boluses increased 
liver Cu over the 33 d period (peak concentrations were approximately 610 and 300 mg/kg DM 
for Cu-bolus and control steers, respectively) suggesting that the boluses were releasing Cu that 
was absorbed by the animals. There was no effect of Cu boluses on OM digestibility; however, 
non-bolused steers had greater NDF (62.2%) and CP digestibility (50.2%) after 33 d than Cu-
bolused steers (57.2 and 43.4% for NDF and CP digestibility, respectively) although differences 
were not detected previously at 12 d. The authors hypothesized that excessive concentrations of 
Cu may be toxic to ruminal microorganisms. Martinez and Church (1970) found that increasing 
from 1 up to 30 mg Cu from CuSO4/L depressed 24 h in vitro digestion of purified cellulose by 
microorganisms obtained from the ruminal fluid of steers fed low-quality grass hay. Although 
Arthington (2005) did not measure actual ruminal Cu concentration, it is possible that ruminal 
Cu concentrations were greater than 1 mg/L.  
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Supplemental trace minerals can also influence ruminal enzyme activities and alter 
nutrient digestion. In vitro addition of CuCl2 to rumen fluid collected from sheep inhibited the 
activity of bacterial urease and glutamate dehydrogenase (Faixova and Faix, 2002). However, the 
concentration of Cu added to the rumen fluid was 5 mmol/L, or 317.7 mg Cu/L, likely much 
greater than would be found in the rumen fluid of an animal fed a typical diet. Ivan (1988) found 
that sheep fed diets containing 15.4 mg Cu/kg diet DM only had 24.9 mg Cu in the entirety of 
their rumen contents (rumen contents were completely removed, Cu concentration of the 
contents was analyzed, and then total ruminal Cu content was calculated) so ruminal Cu 
concentrations of 317.1 mg/L should be well above typical concentrations. Similarly, 2 or 20 
mM of Cu (127 and 1,270 mg Cu from CuCl2/L of rumen fluid, respectively) or Zn (131 and 
1,310 mg Zn from ZnCl2/L of rumen fluid, respectively) added to rumen fluid collected from Ni 
deficient lambs was inhibitory to urease activity (Spears and Hatfield, 1978). However, the Cu 
concentrations utilized in this study were much greater than would be expected in a rumen fluid 
sample from a steer fed a diet formulated using NRC (2000) recommendations. Additionally 131 
mg Zn/L in the ruminal fluid would be equivalent to approximately 3,400 mg Zn/kg in the diet 
(based on calculations from Eryavuz and Dehority, 2009), which is much greater than the 
industry reported average of 93 mg Zn/kg DM (Vasconcelos and Galyean, 2007). Conversely, 
Mn at 2 or 20 mM (110 and 1,100 mg MnCl2/mL; respectively) was actually found to be slightly 
stimulatory to ruminal urease activity, although again these concentrations would not be found in 
under typical production settings. However, the purpose of this study was to determine whether 
another trace mineral might be able to activate the urease enzyme, in the absence of Ni, and not 
to determine the impact of typical dietary trace mineral concentrations on urease activity.  
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Diet composition such as increasing NDF and CP content can negatively impact trace 
mineral release and solubility, potentially decreasing the total amount of trace mineral available 
to the animal for absorption. Conversely, trace mineral supplementation may decrease NDF and 
CP digestibility. However, the majority of available information focuses on interactions between 
individual trace minerals and fiber or CP interactions in the rumen, not accounting for the 
potential influence of other trace minerals.  The undesirable interactions between feedstuffs and 
trace minerals presents an opportunity for alternative types of trace mineral supplementation, 
such as trace minerals that do not solubilize in the rumen, but become soluble in the abomasum 
to remain available to the animal, or injectable trace minerals that bypass the gastrointestinal 
tract entirely.  
 
Trace Mineral Interactions 
Trace minerals not only interact with dietary components such as CP and NDF, but can 
also interact with other trace minerals. These interactions can occur both prior to intestinal 
absorption and post intestinal absorption, and can negatively affect trace mineral status. 
Ruminants face particular challenges, as several interactions can occur within the rumen, 
subsequently limiting the availability of some trace minerals for absorption. 
 
Copper, molybdenum, and sulfur 
Sulfur and Mo can interact within the rumen to bind Cu and decrease availability of Cu to 
the ruminant. Thiomolybdates, S and Mo complexes, form through sulfide interactions with 
MoO4, to form predominately tri- (MoO2S3) or tetrathiomolybdates (MoS4; Suttle, 1991). These 
complexes can form the insoluble complex, Cu-tetrathiomolybdate, and this bound Cu is 
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unavailable for absorption by the animal (Suttle, 1991). Research has suggested that 
thiomolybdates can also cause Cu to bind irreversibly to proteins, and microbes in the rumen. 
Allen and Gawthorne (1987) fed wethers diets composed of 40% chopped wheaten hay, 40% 
chopped Lucerne hay, and 20% oat grain (diets analyzed to contain 0.28% S, 2.2 mg Cu, 0.24 
mg Mo, 15.6 mg Zn, and 26.7 mg Fe/kg diet DM). Rumen contents were collected and 
ammonium molybdate or tetrathiomolybdate was added, and then the digesta was separated into 
two fractions initially (Allen and Gawthorne, 1987). These fractions included the strained solids 
fraction, from which an additional two fractions were separated, the protozoal rich fraction and 
the bacterial rich fractions, and the soluble supernatant fraction, to determine the solubility of 
dietary Cu (Allen and Gawthorne, 1987). When ammonium molybdate or tetrathiomolybdate 
was added to the digesta, a greater proportion of Cu was found in the solid phase digesta when 
compared to control digesta. This relationship was still observed when digesta was treated with 
trichloroacetic acid and a neutral detergent, suggesting that the addition of these complexes 
significantly decreases the solubility of Cu, thus preventing the Cu from becoming soluble and 
appearing in the supernatant fraction. The interaction with Mo, S, and Cu appears to be 
dependent on the S content of the diet, as the addition of only Mo to the diets of ruminants has a 
variable impact on Cu status (Dick, 1953). The interaction between Mo and Cu was initially 
discovered in ruminants by Dick and Bull (1945). These researchers found that supplementing 
cows with a total of 904 g of Mo as ammonium molybdate over 1,295 d (0.1 g daily for 254 d, 
0.2 g daily for 14 d, 0.4 g daily for 14 d, 3.2 g daily for 9 d, and then 0.8 g daily for 1,010 d) led 
to decreased liver Cu concentrations (21 mg/kg DM). However, in a follow-up experiment (Dick, 
1952), sheep were fed diets containing either chaffed lucerne or oaten hays, or a mixture of both 
types of hays (100 % of either hay, a 50:50 blend of hay sources, or a 75:25 blend of either hay 
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for 5 different dietary treatments) with similar Cu (15 mg/d) and Mo (10.7 mg/d) content across 
all experimental diets. The authors noted that liver Cu concentrations increased in sheep fed 
increasing amounts of chaffed oaten hay relative to lucerne hay (9, 19, 35, 70, 113 mg Cu/kg 
DM accumulation over the 6 mo experimental period, for dietary Lucerne:oaten hay ratios of 
100:0, 75:25, 50:50, 25:75 and 0:100, respectively). After analyzing the diets, the authors found 
that the chaffed Lucerne hay contained 0.3% S, whereas the chaffed oaten hay contained 0.03% 
S (Dick, 1953), concluding that sulfate is required for Mo to interact with Cu and decrease Cu 
status of ruminants.   
The addition of Mo and S to experimental diets has often been used to challenge or 
decrease Cu status in ruminants as demonstrated by the meta-analysis of Dias et al. (2013). In 
their examination of 12 studies, these authors found an overall negative association with plasma 
and liver Cu concentrations and dietary Mo and S concentrations in growing and finishing beef 
steers. Ward and Spears (1997) fed steers diets containing 5 mg Mo/kg DM and 0.32% S (DM 
basis), but not supplemented with Cu (basal diet contained 5.2 mg Cu/kg DM) for 196 d, and at 
the end of the experimental period those steers had lesser plasma Cu concentrations (0.20 mg/L), 
ceruloplasmin activity (0.036 absorbance units), and liver Cu concentrations (7.53 mg/kg liver 
DM) than steers that were not supplemented with Mo (0.90 mg/L, 0.156 absorbance units, 40.53 
mg/kg for plasma Cu concentrations, ceruloplasmin activity, and liver Cu concentrations, 
respectively). Similarly, beef steers not supplemented with Cu but fed diets containing 5.8 mg 
Mo/kg DM and 0.37% S (DM basis; total dietary concentrations) had lesser plasma Cu and 
ceruloplasmin activity (0.40 mg/L and 0.09 absorbance units, respectively) after 98 d than steers 
not supplemented with Mo and S (0.8 mg Mo/kg and 0.17 % S; 0.80 mg/L and 0.18 absorbance 
units for plasma Cu concentrations and ceruloplasmin activity, respectively; Ward et al., 1993). 
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While the antagonism between thiomolybdates and Cu is well established, this is not the only 
interaction that may limit Cu absorption by ruminants.  
 
Copper, manganese, zinc and sulfur 
Distinct from its interaction with Cu as a component of thiomolybdates, dietary S can 
independently impact trace mineral status of ruminants. Sulfate in ruminant diets can be reduced 
to sulfide by sulfate-reducing bacteria (Drewnoski et al., 2014). Sulfide can interact with Mo to 
form thiomolybdates, but can also interact directly with other trace minerals within the rumen, 
such as Cu to form an insoluble Cu sulfide complex (Suttle, 1991).  Pogge et al. (2014) 
investigated the effect of high starch, high S diets (0.68% S) on mineral absorption and retention 
as determined through total fecal and urine collection. After 20 d on high or low S diets (0.24% 
S), plasma Cu concentration was lesser in high S fed steers (0.75 mg/L) than low S steers (1.06 
mg/L), and after 27 d, liver Zn was lesser in high S (93.6 mg/kg DM) than low S steers (114.5 
mg/kg DM). In addition, these researchers found that overall retention of Cu, Mn, and Zn was 
lesser in steers fed high S diets (21.6, 115.4, and 106.5 mg/d, respectively), relative to low S 
diets (7.0, 35.8, and 16.2 mg/d, respectively). This is the first time that dietary S has been shown 
to impact retention of Mn and Zn. Dietary S, a macro mineral, may impact the availability of 
several trace minerals, but interactions among trace minerals also exist. 
 
Copper and iron 
Iron presents an additional antagonistic challenge to the absorption of Cu by ruminants. 
High dietary Fe is common in ruminant diets, from dietary forage content or soil contamination 
(Hansen and Spears, 2009). Heifers with moderate liver Cu status (100 mg/kg DM) fed diets 
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supplemented with 800 mg Fe/kg diet DM from ferrous carbonate (basal diet contained 100 mg 
Fe/kg DM) and not supplemented with Cu (4 mg Cu/kg DM in the basal diet) for 32 weeks had 
decreasing Cu status over time as measured by liver Cu concentrations (94.5 mg/kg DM at week 
0, 3.6 mg/kg DM at week 32), with lesser liver Cu concentrations than steers not fed 
supplemental Fe or Cu as a control (110 mg/kg DM at week 0, 72 mg/kg DM at week 32; 
Humphries et al., 1983). In contrast, heifers fed a diet not supplemented with Cu or Fe (4 mg Cu 
and 200 mg Fe/kg DM in the basal diet), or supplemented with 600 mg Fe/kg diet DM from 
ferrous carbonate for 280 d had similar plasma Cu concentrations (0.81 and 0.82 mg/L, 
respectively) and plasma ceruloplasmin activity (0.162 and 0.166 absorbance units; respectively; 
Gengelbach et al., 1994). This interaction may be due to an effect on divalent metal transporter 1 
(DMT1) or a ruminal interaction between thiomolybdates, Fe, and Cu. Despite Cu having a 
dedicated intestinal importer, Ctr1 (Lee et al., 2002), research has revealed that DMT1, typically 
responsible for Fe and Mn uptake, can play a role in Cu uptake as well. Intestinal Caco-2 cells 
treated with DMT1 antisense oligonucleotides to decrease DMT-1 protein expression, and then 
treated with a 64Cu-histidine complex and 59Fe-ascorbate complex, showed a 47% decrease in Cu 
uptake, and an 80% decrease in Fe uptake (Arredondo et al., 2003). High dietary Fe can decrease 
the expression of DMT1 as demonstrated by Hansen et al. (2010), where weaned dairy calves 
(78 kg BW) fed diets containing 815 mg Fe/kg diet DM for 56 d tended to have lesser intestinal 
DMT1 protein expression than calves not supplemented with Fe (65 mg Fe/kg diet DM) thus 
also potentially decreasing Cu uptake. Interestingly, in those same calves, plasma Cu and 
ceruloplasmin concentrations were greater in the calves fed high dietary Fe after 56 d (0.93 mg/L 
and 21.9 mg/dL for plasma Cu and ceruloplasmin concentrations, respectively) relative to calves 
fed the control diet (0.81 mg/L and 16.8 mg/dL for plasma Cu and ceruloplasmin concentrations, 
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respectively; Fry, 2010). However, the high dietary Fe calves tended to have lesser liver Cu 
concentrations relative to normal dietary Fe calves (363.8 mg Cu/kg DM and 293.3 mg Cu/kg 
DM, respectively). The author also noted an increase in hepatic mRNA expression of Atp7b, 
encoding a hepatic Cu exporter, suggesting that high dietary Fe may be increasing Cu movement 
out of the liver. Suttle (1991) also suggested that ruminal interaction between Fe and S might 
play a role in the decrease of Cu status in animals fed high dietary Fe. Ruminal sulfide may bind 
to Fe to form Fe sulfide, but within the abomasum, this complex can solubilize, releasing sulfide 
to bind to Cu and form the insoluble Cu sulfide complex. Therefore, high dietary Fe may 
decrease Cu status in ruminants, either through ruminal interactions, or competition for 
absorption, although further work is necessary to determine the precise mechanism of this 
interaction. 
 
Manganese and iron 
High dietary Fe may also impact Mn status. As previously described, high dietary Fe can 
decrease protein expression of DMT1 in young calves (Hansen et al., 2010), which subsequently 
appears to decrease Mn status. These authors found that in high Fe fed calves the Mn 
concentration of the duodenum was lesser (7.4 mg/kg DM) than calves not supplemented with Fe 
(10.7 mg/kg DM), although liver Mn concentrations were not affected. The Fe transporter DMT1 
has also been shown to transport Mn, as human kidney cells (HEK293T) treated with increasing 
amounts of DMT1 antibody decreased uptake of 54MnCl2, and mice with a homozygous mutation 
in DMT1 that results in a loss of function of the transporter, and also membrane targeting of the 
protein (Canonne-Hergaux et al., 2001), have lesser liver Mn concentrations (0.88 mg/kg) than 
their heterozygous counterparts (1.24 mg/kg; Conrad et al., 2000). Lesser DMT1 expression 
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could be the cause of lesser kidney and heart Mn concentrations found in beef steers fed 1,000 
mg supplemental Fe/kg diet DM from ferrous sulfate for 77 d (Fe concentration of the basal 
ration was not indicated), relative to non-Fe supplemented steers (Standish et al., 1971). High 
dietary Fe, which as previously mentioned is common in ruminant diets, can have a detrimental 
impact on Mn absorption and status, although ruminant forages also commonly contain increased 
concentrations of Mn as well (NRC, 2000). 
 
Copper and zinc  
Zinc can also have an antagonistic relationship with Cu. This relationship was well 
demonstrated by Ott et al. (1966) where beef steers fed increasing supplemental amounts of 
dietary Zn from zinc oxide for 12 wk (0, 0.5, 0.9, 1.3, 1.7, or 2.1 g Zn/kg diet DM; basal diet Zn 
not indicated) had a linear decrease in serum Cu (1.1 and 0.7 mg/L in steers supplemented with 0 
and 2.1 g Zn/kg, respectively) and liver Cu concentrations (22 and 12 mg/kg wet tissue, 
approximately equivalent to 88 mg and 48 mg Cu/kg DM assuming liver is 25% DM, in steers 
supplemented with 0 and 2.1 g Zn/kg, respectively). The mechanism behind this interaction 
likely involves metallothionein, a storage protein that can bind either Zn or Cu. This interaction 
was shown in rats fed one of three diets, a control diet containing normal concentrations of Cu 
and Zn for 55 d (8 mg Cu and 25 mg Zn/kg diet DM), a group fed supranutritional 
concentrations of Cu for 55 d (1.8 g/kg solid diet, 40 times the recommended concentration), and 
a group fed high Cu (1.8 g/kg solid diet) for 30 d and then both high Cu and high Zn (6 g/kg 
solid diet, 20 times the recommended concentration) for 25 d (Irato and Albergoni, 2005). High 
Cu supplementation alone increased liver Cu by 66%, and intestinal Cu by 455% relative to 
controls. However, high Cu supplementation, followed by high Cu and Zn supplementation led 
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to a lesser increase in both liver and intestinal Cu relative to controls (22 and 42% greater than 
controls for liver and intestinal Cu, respectively) and did not change Zn concentrations in either 
liver, kidney, or intestinal tissue. Accumulation of Cu in rat tissues was lessened by the addition 
of Zn, likely due to the fact that intestinal metallothionein concentration was almost 3 times 
greater in the Cu + Zn fed rats, when compared to either the control or the high Cu fed rats. 
Dietary Zn has a much stronger inducing effect on the expression of metallothionein than Cu 
through the activation of metal transcription factor 1 (MTF-1), a divalent metal ion sensor, that is 
particularly sensitive to Zn in mammalian cells, and regulates the expression of several other Zn-
related targets, including metallothionein, to maintain Zn homeostasis (Rutherford and Bird, 
2004). Metallothionein, which has a high affinity for Cu as well as Zn, can sequester the excess 
minerals within the enterocyte until intestinal cells are sloughed causing loss of the mineral, 
thereby preventing the absorption of Cu and Zn into the blood stream (Irato and Albergoni, 
2005). Although this interaction may be a beneficial when Cu is fed in excess, high dietary Zn 
may prevent the absorption of Cu, and potentially decrease Cu status, when lesser concentrations 
of Cu are fed. 
Trace mineral interactions can present significant challenges to trace mineral absorption 
and overall status, and should be considered when formulating diets and mineral supplements for 
ruminants, especially in areas where antagonistic minerals like S and Mo may be found in 
increased concentrations in feed and water. These interactions also present an opportunity for 
alternative trace mineral sources, either in the form of minerals that do not become soluble in the 
rumen, thus minimizing ruminal interactions, such as that between thiomolybdates and Cu, or in 
a form that can bypass the gastrointestinal tract entirely. An injectable trace mineral will present 
trace minerals directly to the blood stream, bypassing competition for absorption. These 
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alternative trace mineral sources may be options to prevent trace mineral deficiencies in cattle 
often caused by dietary antagonists.  
 
Alternative Trace Mineral Supplementation 
 
The previously discussed issues with ruminal interactions and competition for absorption suggest 
that there is an opportunity for alternative types of trace mineral supplementation. Trace minerals 
that are not available (soluble) within the rumen, but still available for absorption farther along 
the digestive tract, such as metal-hydroxy bound trace minerals (Spears, 2004), have potential to 
improve status in cattle fed diets with antagonists. Also, trace mineral sources that bypass the 
gastrointestinal tract, like injectable trace minerals, can also improve trace minerals by 
completely avoiding ruminal interactions and absorption competition at the intestinal level, 
providing minerals directly to tissues (Pogge et al, 2012). 
 
Hydroxylated trace minerals 
Trace minerals in the hydroxy-bound form are unique in that the mineral salt does not 
dissociate until the pH is low (Spears, 2003), like the pH of the ruminant abomasum, generally 
between 1.6-2.5 (Merchen, 1988). Equal concentrations (0.05 g Cu) of CuSO4 and tribasic Cu 
chloride [Cu2(OH)3Cl], a metal-hydroxy Cu source, were incubated in deionized water for 24 h 
or in 0.1% HCl (pH 2.22) for 1 or 3 h, then filtered and the filtrate was analyzed for Cu 
concentrations (Spears et al., 2004). Researchers found that in the samples incubated in water 
much less Cu was available from the tribasic Cu chloride (6 g/kg) than CuSO4 (945 g/kg). 
However, when the samples were incubated in acid, the amount of soluble Cu from CuSO4 was 
not changed compared to water alone (983 and 968 g/kg after incubation for 1 and 3 h, 
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respectively), but soluble Cu from tribasic Cu chloride was much greater (767 and 868 g/kg after 
incubation for 1 and 3 h, respectively). Additionally, tribasic Cu chloride was incubated at a pH 
of 2, 3, 4, 4.5 or 5, and the soluble Cu at each pH was linearly increased as pH decreased (791, 
88, 11, 4, and 2 g/kg, respectively). This work demonstrates that a metal hydroxy bound Cu 
source is less soluble at a pH of 3 or above, but when it reaches a low pH of 2, similar to the 
abomasum, this source becomes soluble.  
 The unique solubility characteristics of metal hydroxy sources could be a critical benefit 
when diets contain large amounts of Cu antagonists. In the previously reported study, the authors 
also evaluated the bioavailability of tribasic Cu chloride compared with CuSO4 in Cu depleted 
steers (Spears et al., 2004). Steers (375 kg BW) were fed diets containing 5 mg Mo/kg, 4.9 mg 
Cu/kg and 0.15% S, and were supplemented with 0, 5, or 10 mg Cu/kg diet DM from either 
CuSO4 or tribasic Cu chloride for 98 days, and liver and plasma Cu were used in a linear 
regression to calculate relative bioavailabilty of Cu from this source relative to Cu from CuSO4. 
The authors found that Cu from tribasic Cu chloride was 132% as bioavailable as Cu from 
CuSO4 using the slope ratio for plasma Cu, and 196% as bioavailable as CuSO4 using liver Cu 
concentrations. Interestingly, when cattle were fed a diet that did not contain increased 
concentrations of antagonists, there was no difference in the relative bioavailability of tribasic Cu 
chloride (Spears et al., 2004). Utilizing a metal hydroxy trace mineral source that does not 
solubilize at a typical ruminal pH can prevent negative ruminal interactions, and as it should 
solubilize at a typical abomasal pH, it should still be available for absorption. However, in diets 
without increased concentrations of Cu antagonists, tribasic Cu chloride may not have an 
advantage over other inorganic sources. There are Mn and Zn hydroxy sources available for 
cattle, unfortunately research utilizing these sources is currently lacking. 
  
 
23
 
Injectable trace minerals  
Injectable trace minerals are a unique way to supplement trace minerals that allow for the 
minerals to completely bypass ruminal interactions and competition for absorption at the 
intestinal level. Research has demonstrated that trace mineral injection is an effective way to 
improve trace mineral status, particularly Cu and Se. Pogge et al. (2012) demonstrated how a 
trace mineral injection influences the trace mineral status of growing calves (332 kg BW). These 
researchers used a trace mineral injection that contained 15 mg Cu/mL (as Cu disodium EDTA), 
60 mg Zn/mL (as Zn disodium EDTA), 10 mg Mn/mL (as Mn disodium EDTA), and 5 mg 
Se/mL (as sodium selenite) administered by injection subcutaneously at 1 mL/45 kg of BW, and 
evaluated plasma and liver trace mineral status over a 15 d period. Plasma Mn, Se, and Zn were 
increased at 8 h (approximately 1.6 mg/L, 15.5 µg/L, and 260 µg/L, for plasma Zn, Mn, and Se 
concentrations) and 10 h (approximately 1.4 mg/L, 16 µg/L, and 260 µg/L, for plasma Zn, Mn, 
and Se concentrations) post injection relative to samples taken just prior to injection 
(approximately 0.85 mg/L, 2 µg/L, and 60 µg/L, for plasma Zn, Mn, and Se concentrations). At 
24 h post-injection, plasma Se was still increased (125 µg/L), but plasma Zn (0.8 mg/L) and 
plasma Mn concentrations (2.2 µg/L) were not different from initial values. Overall liver Cu 
(117.6 mg/kg liver DM), Zn (88.3 mg/kg liver DM), Mn (6.8 mg/kg liver DM), and Se (6.2 
mg/kg liver DM) concentrations were greater in trace mineral injected cattle relative to saline 
injected controls (113.5, 77.8, 6.2, and 1.7 mg/kg liver DM, for liver Cu, Zn, Mn, and Se 
concentrations respectively). The trace mineral injection also increased overall red blood cell 
lysate glutathione peroxidase activity (226.2 U/g Hb) relative to saline treated cattle (160.4 U/mg 
Hb). This work proves that a trace mineral injection can improve trace mineral status through at 
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least 15 d post-injection. This rapid improvement in trace mineral stores and glutathione 
peroxidase activity presents an opportunity to boost trace mineral status and antioxidant 
enzymes, in order to protect health and growth performance of cattle during times of stress of 
health challenges. 
These alternatives to traditional inorganic and organic dietary trace mineral supplements 
could be advantageous when supplemented to cattle consuming diets high in dietary antagonists, 
such as S, Fe, and Mo. Additionally, when cattle are stressed or ill, DMI is typically decreased 
(Dantzer, 2001), leading to lesser trace mineral intakes in times when trace minerals may be vital 
(Spears, 2000). Alternative trace mineral sources can be utilized in order to maximize trace 
mineral intakes, and maintain stores, in times when trace minerals are critical. 
 
Trace Mineral Status Indices 
 
Previous discussion on variability of trace mineral concentrations in feedstuffs is 
evidence that apparently adequate dietary trace mineral content cannot be wholly relied upon to 
prevent trace mineral deficiency in livestock. Evaluating the dietary content of trace minerals is 
often difficult or impractical, especially in pasture feeding conditions, and mineral release, 
solubility, and bioavailability of trace mineral sources may be difficult to determine (Herdt and 
Hoff, 2011). Mineral deficiencies are often not diagnosed until a noticeable depression in 
performance and health indices of the animal, which generally don’t occur until the deficiency is 
relatively severe. Unfortunately, once a deficiency is noted, many of the clinical signs of trace 
mineral deficiency are not specific to one mineral (Suttle, 2010). Also, prevention of trace 
mineral deficiency does not necessarily correlate to optimum performance, therefore it is 
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important that sensitive biomarkers be developed and used in order to distinguish adequate trace 
mineral status from optimum trace mineral status. 
A biomarker is a general term that has been defined by the National Institutes of Health 
Biomarkers Definitions Working Group (Atkinson et al., 2001) as “a characteristic that is 
objectively measured and evaluated as an indicator of normal biological processes, pathogenic 
processes, or pharmacologic responses to a therapeutic intervention.” There are several types of 
biomarkers related to trace minerals, including tissue concentrations, mineral homeostasis and 
metabolism markers such as excretion rates, body stores, and functional indices such as enzyme 
activities (Hambidge, 2003). A good trace mineral biomarker will reflect exposure, status, and 
the effect of a nutrient (Raiten et al., 2011). In addition, a good biomarker is contingent on ease 
of sample collection, interpretation, implementation, and cost, ease, and consistency of analysis.  
Trace mineral concentration of blood is a common and non-invasive way to evaluate 
trace mineral status. However, circulating markers of trace mineral status do not immediately 
respond to mineral depletion, as homeostatic control mechanisms limit changes in circulating 
minerals (Kincaid, 2000). As a mineral pool is depleted, storage depots such as the liver will 
decrease initially, while circulating concentrations will often remain steady, until a deficient state 
is reached (Suttle, 2010). For this reason, it is necessary to consider other tissues and cellular 
components as potential biomarkers of trace mineral status.  
 
Copper biomarkers  
Copper is a good example of a trace mineral for which circulating markers may be less 
informative. Ward and Spears (1997) fed steers low Cu diets for 196 d, (no supplemental Cu; 5.2 
mg Cu/kg diet DM, approximately 4.8 mg/kg below NRC requirements) or 5 mg supplemental 
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Cu/kg diet DM. Both groups of steers had similar plasma Cu concentrations of 0.90 and 0.98 
mg/L, respectively, within the adequate to high range according to Kincaid (2000; adequate is 
defined as 0.7 to 0.9 mg Cu/L, high is defined as 0.9 to 1.1 mg/L). However, non-Cu 
supplemented steers had liver Cu concentrations of only 40.5 ± 10.3 mg/kg DM, which is on the 
lower end of marginal status as classified by Kincaid (2000; defined as 33 to 125 mg Cu/kg liver 
DM) while Cu supplemented steers had liver Cu concentrations of 188.74 ± 10.3 mg/kg, 
considered adequate (adequate is defined as 125 to 600 mg/kg liver DM; Kincaid, 2000). In 
addition, the calves not supplemented with Cu had ceruloplasmin absorbances of 0.156 and 
superoxide dismutase (an antioxidant enzyme that catalyzes the conversion of the superoxide 
radical to hydrogen peroxide; Zelko et al., 2002) activity of 6.92 units/mg hemoglobin (Hb) after 
196 days, relative to calves supplemented with 5 mg/kg Cu with ceruloplasmin absorbances of 
0.164, and 7.29 units of total superoxide dismutase activity per mg Hb, displaying no statistical 
difference. Another study suggested that the activity of Cu/Zn superoxide dismutase (Cu/Zn 
SOD; a cytosolic superoxide dismutase; Tainer et al., 1983) is less responsive to Cu deficiency 
than plasma Cu. Suttle and McMurray (1983) compiled data from Cu depletion studies in steers, 
lambs, and ewes. In steers fed purified diets containing less than 2 mg Cu/kg diet DM for 27 wk, 
plasma Cu decreased exponentially, while erythrocyte total SOD activity decreased linearly as 
Cu depletion progressed. By 60 d after the start of the experiment, plasma Cu had decreased by 
67% while erythrocyte SOD activity had only decreased by 25%. Similar trends in both plasma 
Cu and erythrocyte SOD were found in Cu-depleted lambs, where after 30 d on the Cu depletion 
diets, and at the onset of clinical signs of hypocupremia (achieved by the addition of either 5 or 
10 mg Mo/kg to diets containing 0.5 mg Cu/kg diet DM) plasma Cu had decreased by 77%, 
while erythrocyte SOD activity was only decreased by 22% (Suttle and McMurray, 1983). These 
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studies support the idea that circulating markers of Cu status are likely not sensitive enough to 
serve as biomarkers for Cu, as it requires relatively severe Cu deficiency to change plasma Cu 
concentrations or diminish activity of Cu-containing enzymes. 
For example, cattle fed Cu deficient diets [7 mg Cu/kg DM for the growing phase, and 4 
mg Cu/kg DM for the finishing period (harvested at ~493 d of age)], and supplemented with 2 
mg Mo/kg DM had significantly lesser plasma and liver Cu concentrations (0.19 mg/L and 6.3 
mg/kg DM) than calves supplemented with 10 mg Cu/kg diet DM and no supplemental Mo (1.26 
mg/L and 208.4 mg/kg DM; Hansen et al., 2009). The relationship between liver Cu and plasma 
Cu concentrations in cattle was previously evaluated using a nonlinear least squares model by 
Claypool et al., (1975). The authors determined that when liver Cu is greater than 40 mg/kg DM 
there is no further change in plasma Cu, with plasma Cu averaging 0.91 mg/L. Those authors 
also suggested that below this threshold of 40 mg Cu/kg liver DM the relationship between liver 
and plasma Cu is quite variable, and established that plasma Cu does not accurately predict liver 
Cu concentrations. Overall, blood measurements of Cu-containing enzymes and plasma Cu 
concentrations are variable in response to varying Cu status, however, liver Cu appears to be 
much more reflective of Cu status.   
Liver Cu appears to be the most sensitive biomarker for Cu status in cattle. Ruminants are 
unique in regards to Cu metabolism, as they have limited control over Cu absorption, low biliary 
excretion, and accumulate excess Cu in the liver (Suttle, 2010). In contrast, most non-ruminants 
maintain low liver Cu concentrations over a range of dietary Cu concentrations until toxicity 
occurs.  Steers fed 10 or 30 mg/kg diet DM from either tri-basic copper chloride (a metal 
hydroxy Cu source) or an organic Cu source had increased concentrations of liver Cu as dietary 
Cu increased (162 mg and 220 mg Cu/kg DM, respectively; Arthington et al., 2003). Similarly, 
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growing and finishing steers fed diets supplemented with either 0, 20, or 40 mg Cu/kg diet DM 
from CuSO4 (the basal growing diet contained 10.2 mg Cu/kg diet DM, and the basal finishing 
diet contained 4.9 mg Cu/kg diet DM) also had increased concentrations of liver Cu after 152 
days (63.2 mg, 290.3 mg, and 379.6 mg Cu/kg liver DM, respectively; Engle and Spears, 2000).  
Growing steers with in-dwelling Cu boluses placed in the rumen (12.5 g of CuO in the form of 
CuO needles) had significantly greater liver Cu (greater than 600 mg Cu/kg DM) after 33 days, 
relative to cattle without boluses (approximately 300 mg Cu/kg DM). Relative to plasma Cu 
concentrations and activity of Cu-containing enzymes, liver Cu concentrations appear to respond 
to increasing concentrations of dietary Cu and are not just indicative of deficiency and adequacy. 
 Another potential biomarker may be mRNA or protein expression of Cu chaperone for 
superoxide dismutase (CCS). Copper trafficking is unique, under control of multiple intracellular 
cytoplasmic chaperones that function to deliver Cu to specific Cu-containing proteins (Harrison 
et al., 1999). Several types of Cu-chaperones have been identified that deliver Cu to proteins, 
including cytochrome-c-oxidase, and superoxide dismutase, although the specific proteins in 
cattle have not been investigated fully. These Cu-trafficking proteins could be potential 
biomarkers for Cu metabolism. Copper chaperone for superoxide dismutase (CCS) is a distinct 
intracellular carrier protein that functions to deliver Cu for incorporation into Cu/Zn superoxide 
dismutase, a Cu and Zn containing cytosolic enzyme that catalyzes the conversion of the 
superoxide radical into hydrogen peroxide, by a direct protein-to-protein interaction (Casareno et 
al., 1998). In data from the previously mentioned studies (Hansen et al., 2009; Hepburn et al., 
2009) the relative protein expression of both liver and erythrocyte CCS, as determined by 
western blot, was found to be greater in Cu deficient calves as well. The response of erythrocyte 
CCS protein expression is interesting, as collection of a blood sample is much easier than liver 
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collection, and ease of sample collection is a hallmark of a good biomarker.  Interestingly, in 
both Bos Indicus and Bos Taurus steers fed low Cu diets (6.4 mg Cu and 1 mg Mo/ kg diet DM) 
for 11 wk with an average final liver Cu of approximately 25 mg/kg diet DM, there was a 
positive correlation found between liver Cu and liver CCS mRNA expression (r = 0.58; 
Dermauw et al., 2014). Generally, CCS is increased during Cu deficiency, likely due to the 
increased need for CCS to scavenge Cu if there is a larger quantity available (Bertinato et al., 
2003). The differences between these studies may be due to the difference between protein and 
mRNA expression.  Prohaska et al. (2003) found that both Cu-deficient mice and rats 
(consuming diets containing 0.4 mg Cu/kg diet DM) had greater CCS protein expression across 
liver, heart, kidney and brain tissues, but RNA expression was not different from Cu-adequate 
rats (consuming 20 mg Cu/kg diet DM). The authors suggested that posttranslational 
modifications may account for the differences in protein abundance; therefore using mRNA 
expression of Cu chaperones may not be useful. However, the difficulty of measurement of 
mRNA or protein expression relative to liver Cu concentration may prevent widespread use of 
this biomarker.  
 
Selenium biomarkers 
 Selenium is unique in respect to other trace minerals because it appears that circulating 
Se concentrations and Se-containing enzymes are adequate biomarkers for Se status. Suttle 
(2010) stated that the dietary form of selenium, generally found incorporated into 
selenomethionine and selenocysteine (Daniels, 1996), determines the metabolic fate of Se in the 
body. In addition, selenocysteine has often been called the 21st amino acid (Daniels, 1996), and it 
is possible that it may be recognized as an amino acid rather than a mineral, which may be the 
  
 
30
reason for regulation of Se being unique relative to other trace minerals. Increasing total dietary 
Se in feedlot diets from basal concentrations of 0.16 mg Se/kg diet DM, up to 0.30 or 0.50 mg 
Se/kg diet DM using selenized-yeast linearly increased whole blood Se concentrations after 112 
d of supplementation. Whole blood concentrations increased from 102.9 ng Se/g in the control, 
non-Se supplemented steers, up to 157.8 ng Se/g of fresh weight of whole blood in steers 
consuming 0.30 mg Se/kg diet DM and 207.5 ng Se/g in steers consuming 0.51 mg Se/kg diet 
DM (Juniper et al., 2008). Glutathione peroxidase, a Se-containing enzyme that catalyzes the 
conversion of hydrogen peroxide to water (Rotruck et al., 1973), followed a similar trend in the 
same steers, where steers consuming 0.16, 0.30, and 0.51 mg Se/kg diet DM had whole blood 
glutathione peroxidase activities of 79.5, 104.0, and 135.9 units/mL of red blood cells, 
respectively. Similarly, increases in liver Se concentrations were linear in respect to Se 
supplementation, as steers consuming 0.16, 0.30, and 0.51 mg Se/kg diet DM had liver Se 
concentrations of 0.93, 1.95 and 2.97 mg/kg tissue DM. Furthermore, these researchers 
determined that there was a positive curvilinear association between whole blood Se 
concentration and glutathione peroxidase activity (Juniper et al., 2008). 
 Beef steers consuming a basal diet of 0.08 mg Se/kg diet DM, and supplemented with 0, 
0.1, 0.2, or 0.4 mg Se/kg diet DM from sodium selenite had linear increases in both whole blood 
Se (0.064, 0.102, 0.184, and 0.213 mg Se/L for increasing dietary Se treatments, respectively) 
and serum Se concentrations (0.044, 0.078, 0.057 and 0.083 mg Se/L for increasing dietary Se 
treatments, respectively) after 113 d of supplementation (Perry et al., 1976). Interestingly, mature 
ewes fed increasing amounts of dietary Se from sodium selenite for 72 wk (0.29, 3.77, 7.54, 
11.01, 15.48, or 19.05 mg total analyzed Se/kg diet DM) had increasing serum Se concentrations, 
that did not appear to plateau, (0.127, 0.325, 0.536, 0.718, 0.769, and 1.355 mg Se/L) although 
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these ewes did not exhibit signs of Se toxicity (Davis et al., 2006). Growing pigs fed similar 
concentrations of Se from either supplemental sodium selenite or selenized yeast for 12 wk (0, 5, 
10, or 20 mg supplemental Se/kg diet DM, exhibited signs of Se toxicity including alopecia and 
hoof separation (Kim and Mahan, 2001), but maintained linear increases in plasma Se 
concentrations (0.113, 0.662, 1.096, 1.886, 1.877 mg/L for 0, 5, 10, 15, and 20 mg inorganic Se, 
respectively, and 0.778, 1.662, 2.488, and 3.228 mg/L for 5, 10, 15, and 20 mg organic Se, 
respectively). This linear relationship between blood Se and Se intake suggests that blood Se 
may be an adequate marker for Se status, over a range of intakes. Several other studies have 
demonstrated a positive relationship between Se supplementation and blood and liver Se 
concentrations, as well as blood and neutrophil glutathione peroxidase activity, where increasing 
dietary Se supplementation will increase tissue Se concentrations and glutathione peroxidase 
activity (Anderson et al., 1978; Thompson et al., 1981; Arthur and Boyne, 1985). During Se 
deficiency (calves fed diets containing 0.01 mg Se/kg diet DM for 28 wk) researchers noted that 
neutrophil glutathione peroxidase activity in low Se-fed steers was decreased to non-detectable 
amounts by 9 wk of Se deprivation, and oxygen consumption and carbon dioxide release 
(indicators of neutrophil activity) were lesser in stimulated neutrophils isolated from whole blood 
samples from low Se steers than steers receiving 0.1 mg Se/kg (Arthur and Boyne, 1985). 
Research has clearly demonstrated that liver Se concentrations, blood Se concentrations, and 
blood glutathione peroxidase activity are adequate biomarkers for Se status.  
 
Zinc biomarkers 
Zinc deficiency is one of the top 4 nutritional deficiencies in the world, and The World 
Health Organization (WHO, 2002) estimates that 1.4% of total deaths worldwide are attributable 
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to Zn deficiency.  Despite Zn deficiency being a widespread human nutritional issue, progress 
has not been made in establishing a biomarker beyond plasma or serum Zn concentrations 
(Hambidge, 2003). Unlike Cu or Se, Zn does not appear to have a labile storage pool that can be 
mobilized when dietary intake is inadequate (Lowe et al., 2009). Hambidge (2003) noted that 
there are several reasons for this striking lack of biomarkers, including very effective 
homeostatic mechanisms that maintain circulating Zn concentrations, and the extensive 
involvement of Zn in many aspects of biology as a structural or catalytic component in over 
3,000 proteins (Maret, 2009), all of which make it difficult to determine how to measure Zn 
status. Zinc can be found within an organism as a component of a protein, bound to 
metallothionein for apparent storage, or as free Zn ions, utilized for cellular buffering capacity or 
as a signaling molecule (Maret, 2009). A recent meta-analysis evaluating the assessment of Zn 
status in humans revealed that of 34 biomarkers that have been investigated in scientific 
literature, only 3 biomarkers have established potential (plasma/serum Zn concentration, urinary 
Zn concentration in response to supplementation, and hair Zn concentration) while over 25 
potential biomarkers did not have enough information to make a proper assessment (Lowe et al., 
2009). The authors specifically mentioned that Zn-related enzymes and binding proteins require 
attention, as the only enzyme that has received significant attention in the literature, alkaline 
phosphatase, (a Zn containing enzyme responsible for dephosphorylation; Kim and Wyckhoff, 
1991) has been classified as a poor biomarker.  
Plasma and liver Zn concentrations appear to only have an appreciable response to diets 
excessive or deficient in Zn.  Heifers fed no supplemental Zn (basal diet Zn of 23.1 mg/kg diet 
DM) had plasma Zn concentrations after 112 d that were not different from heifers supplemented 
with 25 mg Zn from either ZnO or Zn-methionine (0.70 mg/L and 0.79 mg/L, respectively) 
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although alkaline phosphatase activities were different (98 U/L and 125 U/L, respectively; 
Spears, 1989). There was no difference between steers that did not receive supplemental Zn 
(basal diet Zn of 26 mg/kg diet DM) and steers that received 20 mg of supplemental Zn/kg DM 
for 196 d, between plasma Zn concentrations (1.06 mg and 1.02 mg Zn/L plasma, respectively; 
Spears and Kegley, 2002). However, there is minimal evidence that biomarkers can allow 
researchers to detect differences between various concentrations of supplementation, for 
example, between diets supplemented with minimal concentrations of Zn to meet requirements, 
and supplemented with Zn concentrations 2-5 times the requirement. For instance, steers fed 
supplemental Zn oxide in concentrations ranging from 0 to 150 mg Zn/kg diet DM had serum Zn 
concentrations that were not different for up to 196 days after supplementation began (Beeson et 
al., 1977). In addition, steers fed 25 mg of supplemental Zn from either ZnO or a Zn proteinate 
source (58 mg Zn/kg diet DM total) had very similar plasma Zn concentrations (0.0.94 mg Zn/L) 
compared with steers fed no supplemental Zn (33 mg Zn/kg diet DM, 0.89 mg Zn/L in the 
plasma; Spears and Kegley, 2002).  Plasma Zn does not respond to moderate changes in dietary 
Zn intake, which is consistent with the fact that the dietary requirement for beef cattle is 30 
mg/kg diet DM (NRC, 2000), so dietary Zn concentrations above that requirement may not be 
absorbed, or will be excreted, therefore having little influence on circulating Zn concentrations 
until dietary Zn concentration are well above the requirement. Due to the difficulties in 
evaluating individual Zn pools, and the limited information known about Zn dynamics within a 
biological system, a good Zn biomarker may remain elusive, particularly in cattle. 
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Manganese biomarkers 
Manganese metabolism is very unique, making reliable biomarkers difficult to identify. 
Very little Mn is absorbed from the diet; approximately 1-10% depending on dietary Mn 
concentrations (Herdt and Hoff, 2011), and much of the absorbed Mn is rapidly excreted in the 
bile. Gibbons et al. (1976) suggest that only 1% of dietary Mn is absorbed by the cow.  
Manganese has not been often studied in cattle, but the most commonly used biomarkers include 
plasma and liver Mn concentrations. However, due to tight Mn homeostasis, plasma Mn may 
only change in response to supplementation of a large bolus of Mn. For example, Pogge and 
others (2012) found that in response to a trace mineral injection containing 10 mg Mn/mL 
(average total dose = 70 mg Mn), steers had a rapid increase in plasma Mn from non-detectable 
concentrations (< 2 ug Mn/mL) prior to injection, up to approximately 15 µg/mL at 8 and 10 h 
post-injection.  However, plasma Mn rapidly decreased, and was not different from saline treated 
control cattle at 24 h post-injection. Liver Mn in the same study increased in trace mineral 
treated cattle as well (approximately 6.1 mg Mn/kg DM in saline treated cattle versus 6.9 mg 
Mn/kg DM in trace mineral injected cattle). However, it is likely that had the same amount of 
Mn been consumed orally, the changes in tissue Mn concentrations would not have been 
detected.  
Hansen et al., (2006a) found that supplemental Mn from MnSO4 (10, 30 or 50 mg Mn/kg 
diet DM) did not change plasma Mn concentrations, but increased liver Mn concentrations, 
relative to non-supplemented heifers. These researchers chose to follow 10 heifers from each of 
the 0 (basal Mn of 16.6 mg/kg) or 50 mg supplemental Mn treatments through gestation and 
lactation for 267 d and found no differences in whole blood Mn concentration of heifers (Hansen 
et al., 2006b). However, calves born to non-Mn supplemented heifers between d 179 and 226 of 
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the experimental period had lesser whole blood Mn at birth (24.04 ng/mL) than calves born to 
Mn-supplemented heifers (35.03 ng/mL). Interestingly, whole blood Mn concentrations in calves 
measured at the end of the experimental period were greater in calves born to Mn-deficient dams 
than calves born to Mn-sufficient dams, despite not receiving any nutritional intervention 
(Hansen et al., 2006b). Homeostatic mechanisms to maintain plasma Mn in gestating heifers may 
be preventing fetal Mn transfer during gestation; however, very little is known about Mn 
metabolism in gestating cattle.  
Liver Mn may be responsive to dietary Mn over a wide range of Mn intakes. Cattle fed 
supplemental Mn ranging from 0 mg up to 240 mg Mn/kg diet DM as MnSO4 during both the 
growing (basal Mn concentration of 29.2 mg/kg) and finishing periods (basal Mn concentration 
of 8.1 mg/kg) also had a linear increase in liver Mn concentrations (12.1 mg Mn/kg DM in non-
Mn supplemented cattle, 15.1 mg Mn/kg DM in cattle supplemented with 240 mg Mn/kg diet 
DM); however, plasma Mn, sampled 56 and 112 d after beginning supplementation, showed no 
response (ranging from 11.6 up to 12.3 ng Mn/mL; Legleiter et al., 2005). Additionally, Mn 
concentration of the longissimus dorsi muscle after harvest was linearly increased in response to 
Mn supplementation (0.30 mg Mn/kg DM in non-Mn supplemented cattle, up to 0.46 mg Mn/kg 
DM in cattle supplemented with 240 mg Mn/kg diet DM) suggesting that muscle Mn may have 
potential as a Mn biomarker. In fact, liver and skeletal muscle (semitendinosis) Mn 
concentrations were positively correlated (r = 0.36) across 60 adult zebu bulls (Dermauw et al., 
2014b). Overall, circulating Mn is a poor biomarker of cattle Mn status, while liver Mn appears 
to be an adequate biomarker when distinguishing between deficient and adequate animals. 
Muscle Mn shows promise, however, as it appears to response to dietary Mn intakes similarly to 
liver Mn, and liver Mn is easier to collect, liver Mn may be a more suitable biomarker. However, 
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Suttle (2010) suggested that despite total Mn concentrations being highest in liver compared with 
several other tissues, liver Mn may not be as responsive to lesser dietary Mn concentrations. 
 More sensitive Mn biomarkers are needed in order to differentiate between cattle with 
adequate or marginally deficient Mn status. Although liver Mn is often different between cattle 
not supplemented with Mn and cattle that are supplemented with much greater concentrations 
(Legleiter et al., 2005; Hansen et al., 2006a), distinguishing differences between moderate 
concentrations of supplementation using liver Mn may not be possible. However, several other 
biomarkers in rodents and humans have shown promise. Manganese superoxide dismutase 
(MnSOD) is a Mn-containing enzyme that is found in the mitochondria (Weisiger and Fridovich, 
1973). This enzyme has been shown to respond to dietary Mn intake in several species. Broilers 
fed 100 or 200 mg of supplemental Mn from varying sources (MnSO4 or amino acid bound Mn) 
had greater MnSOD activities in both breast [191 and 194 nitrate units (NU)/g tissue fresh 
weight, respectively] and leg muscle tissue (190 and 189 NU/g, respectively) after 42 d of 
supplementation relative to non-supplemented controls (180 and 167 NU/g of MnSOD activity 
for breast and leg tissue, respectively; Lu et al., 2007). Similarly, in rats fed diets supplemented 
with 0.2, 0.7, 1.7, 4.7, 9.7 or 29.7 mg Mn/kg, dietary Mn concentration was highly correlated 
with heart MnSOD activity (r = 0.86; Payter, 1980). Lymphocyte Mn concentrations and 
MnSOD activity may also be biomarkers of Mn status. Women supplemented with 15 mg of Mn 
daily for 124 d had an increase of 0.4 to 0.6 U/mg protein in lymphocyte MnSOD, while non-
supplemented women lymphocyte MnSOD activity decreased 0.1 to 0.3 U/mg protein over the 
entire experimental period (Davis and Greger, 1992). Non-Mn supplemented rats had lesser 
lymphocyte Mn concentrations (1 ng/103 cells) but similar whole blood Mn (20 ng Mn/g) 
relative to rats supplemented with 50 µg Mn/g diet (7.5 ng Mn/103 cells, and 25 ng Mn/g for 
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lymphocyte and whole blood Mn, respectively; Matsuda et al., 1989) suggesting that lymphocyte 
Mn concentration may be more sensitive than whole blood Mn. Additionally, approximately 
30% of whole blood Mn is contained in leukocytes, and as turnover of leukocytes is more rapid 
than erythrocytes, leukocyte Mn concentration may be more responsive to changes in Mn 
nutrition (Milne et al., 1990). Unfortunately, lymphocytes are much more difficult and expensive 
to isolate from a blood sample than serum, and generally require lymphocyte separation media 
and/or multiple centrifugation steps (Carlson and Kaneko, 1973; Donovan et al., 2003).  The 
majority of biomarkers have only been tested in experiments comparing non-supplemented and 
supplemented animals, so whether these biomarkers will be sensitive enough to distinguish 
between the Mn statuses of animals receiving varying concentrations of Mn remains to be seen. 
 Currently, the most informative and well-researched biomarkers for trace minerals in 
cattle include liver Cu and Mn concentrations, plasma Zn concentrations, and either blood or 
liver Se concentrations. However, due to the relative difficulty of collecting liver samples 
compared to blood samples, other emerging, yet less well-tested biomarkers, such as erythrocyte 
CCS protein expression for Cu status, Mn-SOD activity for Mn status, and various cellular 
components for Zn status deserve investigation in cattle. Biomarkers need to be developed that 
allow researchers to distinguish between cattle that are receiving dietary trace minerals that are 
only 2-3 times greater than requirements, to better assess the trace mineral requirements of 
modern beef cattle.  
 
Trace Minerals and Growth and Carcass Characteristics 
 
The trace mineral requirements for beef cattle have been established by the NRC (2000) 
as 10 mg Cu, 20 mg Mn, 0.10 mg Se, and 30 mg Zn/kg diet DM. A survey of feedlot consulting 
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nutritionists conducted by Vasconcelos and Galyean (2007) indicated that regardless of these 
recommendations consultants recommend greater total dietary concentrations of trace minerals, 
17.61 mg Cu, 47.86 mg Mn, 0.24 mg Se, and 92.95 mg Zn/kg diet DM on average. However, 
variable responses have been demonstrated when trace minerals have been supplemented above 
documented requirements. 
 
Zinc  
Zinc is a vital component of several growth processes (Suttle, 2010), and poor growth is a 
negative consequence of Zn deficiency. The Zn requirement for beef cattle is 30 mg Zn/kg diet 
DM (NRC, 2000). Young Holstein steer calves (7-11 wk old) fed a basal diet containing 3 mg 
Zn/kg without supplemental Zn for 10 wk had severely depressed ADG (0.21 kg/d) and G:F 
(0.094) relative to steers that received 100 mg Zn/kg diet DM as ZnO (0.55 kg/d and 0.253 for 
ADG and G:F, respectively; Ott et al., 1965). Despite the importance of Zn to animal growth, 
supplementation of Zn has produced inconsistent results (Table 1). Perry et al. (1968) completed 
4 Zn supplementation experiments in finishing cattle, and found variable performance responses 
in each. Steers fed a basal finishing diet for 84 d containing 24 mg Zn/kg had lesser ADG (1.34 
kg/d) than steers supplemented with 100 mg Zn/kg as ZnO (1.14 kg/d), which is similar to a 
second experiment where steers fed a finishing diet for 154 d with 29 mg Zn/kg also had lesser 
ADG (1.13 kg/d) than steers supplemented with 1g Zn daily from ZnO (185 mg Zn/kg total diet; 
1.18 kg/d ADG) or 2 g Zn daily from ZnO (346 mg Zn/kg total diet; 1.20 kg/d ADG). However, 
in a 202 d experiment with finishing steers fed a basal diet or diets supplemented with 0.5, 1, or 
1.5 g Zn daily from ZnO (total dietary Zn concentrations of 18, 75, 132, and 186 mg Zn/kg, 
respectively) there was no difference in ADG (1.09, 1.07, 1.01, and 1.06 kg/d, respectively). And 
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in an experiment of unspecified length comparing steers fed a basal diet containing 28 mg Zn/kg, 
or supplemented with 1 g Zn from ZnO daily (156 mg Zn/kg total diet), there were also no 
differences in ADG (1.20 and 1.16 kg/d, respectively). Although the reason for the differential 
growth responses to Zn supplementation is unknown, the differences in the length of the 
experiments could indicate that the longer cattle are exposed to a lack of Zn supplementation, the 
better they are able to compensate, and perhaps overcome decreased Zn nutrition. It is possible 
that after long-term minimal Zn nutrition, cattle can increase Zn absorption to compensate, as has 
been observed in other species (Taylor et al., 1991). Human men fed a diet that contained only 
14% of the human requirement for 15 d demonstrated increased Zn absorption efficiency of 
93%, relative to baseline efficiency of only 38% (Taylor et al., 1991) ultimately preventing 
changes in plasma Zn and BW.  
In support of these data, Spears and Kegley (2002) completed a growing and finishing 
experiment with steers fed varying sources of supplemental Zn, including a control treatment 
with no supplemental Zn (33 mg Zn/kg in the growing diet, 26 mg Zn/kg in the finishing diet) or 
25 mg Zn/kg from ZnO, or two different Zn-proteinate complexes through both the growing and 
finishing phases. The researchers found that during the 84 d growing phase, steers not 
supplemented with Zn had lesser ADG (0.97 kg/d) relative to Zn supplemented steers (1.07 kg/d 
average ADG), but growth was not affected by source. However, during the finishing phase, 
there was no difference between non-supplemented steers and the average of the Zn-
supplemented cattle in ADG (1.38 and 1.39 kg/d, respectively), or final HCW (272 and 282 kg/d, 
respectively). During the initial 84 d, not providing supplemental Zn to diets that contained 
adequate Zn according to NRC (2000) recommendations had a negative impact on growth 
performance. However, during the additional 84 d finishing period, differences were not 
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detected, indicating that cattle may adjust to lack of Zn, or that the Zn requirement for cattle 
during the late finishing period is lesser than suggested. 
In the previously described study (Spears and Kegley, 2002) steers supplemented with 25 
mg Zn, regardless of source, had increased yield grade (2.82), backfat thickness (1.28 cm), and 
marbling scores (545) relative to non-supplemented steers (2.49, 1.07 cm, and 489, for yield 
grade, backfat thickness, and marbling score, respectively), suggesting that supplemental Zn may 
alter fat metabolism, although these differences were largely driven by increased fatness in steers 
supplemented with Zn-proteinate sources. However, overall ADG and HCW were not affected 
by Zn supplementation. Supplementation has been shown to alter fat deposition in another study, 
where within finishing steers supplemented with 20, 100, or 200 mg Zn/kg from ZnSO4 for 112 d 
(90.3, 169.5, and 280.3 mg Zn/kg diet DM total Zn), there were no differences in ADG or HCW 
(averaged 1.72 kd/d and 347 kg, respectively), but there were quadratic increases in backfat 
thickness (0.99, 1.19, and 0.99 cm, respectively) and yield grade (2.8, 3.1 and 2.7, respectively), 
but no impact on marbling score (410, 390, and 410, respectively; Malcolm-Callis et al., 2000). 
However, Nunnery et al. (2007) demonstrated that supplementing 75 mg Zn/kg diet DM to 
finishing heifers from various sources (ZnSO4, Zn-methionine, or Zn propionate) for 168 d 
resulted in no differences between supplemented and non-supplemented cattle (receiving a basal 
diet containing 51 mg Zn/kg diet DM) within any carcass characteristics. Moderate 
concentrations of supplemental Zn, up to 100 mg Zn/kg may increase external fat, although the 
impact of supplemental Zn on intramuscular marbling is inconsistent.  
Cattle diets often contain adequate or near adequate Zn concentrations, as grains typically 
contain 20 to 30 mg Zn/kg DM and plant protein sources often contain 50 to 70 mg Zn/kg DM 
(NRC, 2000). Research demonstrates that supplementing Zn may improve growth when near 
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adequate diets are fed to growing or finishing cattle, although supplementation for longer periods 
of time may not alter performance in apparently non-stressed cattle. However, the use of growth-
promoting technologies, or significant stressors, such as heat stress or shipping, may alter the 
requirements of cattle, such that Zn supplementation is required in addition to basal feedstuffs.  
 
Copper 
Copper is an important component of several antioxidant enzymes, and enzymes involved 
in extracellular matrix and collagen formation (Suttle, 2010), as previously discussed. The 
dietary Cu requirement for beef cattle is 10 mg/kg DM (NRC, 2000), but the Cu content of 
feedstuffs can be variable, and Cu is subject to several antagonisms from other common dietary 
components, including Fe, Mo, and S. Research supports the dietary requirement as determined 
by the NRC (2000), and the benefit of supplementing Cu above the requirement appears to be 
limited. Ward and Spears (1997) evaluated cattle not supplemented with Cu in the diet for an 
extended period of time (284 d) through the receiving (6.89 mg Cu/kg in the basal diet), growing 
(5.2 mg Cu/kg in the basal diet) and finishing (2.85 mg Cu/kg in the basal diet) periods, 
compared with cattle supplemented with 5 mg Cu/kg from CuSO4. The ADG of steers was not 
different between steers receiving 0 or 5 mg supplemental Cu/kg diet DM in the receiving (1.20 
and 1.22 kg/d, respectively) or growing periods (1.02 and 1.03 kg/d, respectively), but lack of Cu 
supplementation in the finishing period led to decreased ADG (0.85 and 1.02 kg/d, respectively). 
Carcass characteristics were unaffected by long-term lack of Cu supplementation, although Cu 
supplementation tended to increase REA (80.29 and 82.79 cm2, respectively). Feeding diets to 
cattle containing approximately half of the documented Cu requirement for cattle had limited 
impacts on performance and carcass characteristics. In support of this research,
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Table 1. Influence of supplemental dietary Zn on cattle growth and carcass characteristics 
 = increase 
 = decrease 
 = no change 
Reference 
 
Stage of 
production 
Cattle initial 
weight/type 
Study 
length 
Control 
diet total 
Zn, mg/kg 
Supplemented 
diet total Zn, 
mg/kg 
Zn Source Supplemental 
Zn response 
Ott et al., 1965 Calves 7-11 wk of 
age, Holstein 
steers 
10 wk 3  103  ZnO ADG 
G:F 
Perry et al., 1968 Finishing  Yearling 
steers 
84 d 24  124  ZnO ADG 
Perry et al., 1968 Finishing  Hereford 
steers 
154 d 29  185  ZnO ADG 
Perry et al., 1968 Finishing  Hereford 
steers 
202 d 18  75, 132, or 186  ZnO No differences 
Perry et al., 1968 Finishing  Hereford 
steers 
Unspecified 28  156  ZnO No differences 
Malcolm-Callis et 
al., 2000 
Finishing  379 kg, steers 112 d 90.3  169.5 
 
ZnSO4 ⇔ADG 
Backfat 
Yield grade 
Spears and 
Kegley, 2002 
Growing  246 kg, steers 84 d 33  58  ZnO or Zn-
proteinate 
ADG 
Spears and 
Kegley, 2002 
Finishing  Steers 84 d 26  52  ZnO or Zn-
proteinate 
⇔ADG 
Yield grade 
Backfat 
Marbling 
score 
Nunnery et al., 
2007 
Finishing 223 kg, 
heifers 
168 d 51  126  ZnSO4, Zn-
methionine, 
or Zn-
propionate 
No differences 
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supplementation of cattle diets above the requirement (5, 10, or 40 mg Cu/kg DM from CuSO4) 
in several other studies (Ward et al., 1993; Engle and Spears, 2001) elicited no additional growth 
response when supplemented to diets containing at least 6.2 mg Cu/kg diet DM. In fact, a meta-
analysis of 12 studies evaluating the effects of dietary Cu, Mo, and S found that dietary Cu did 
not impact performance variables (Dias et al., 2013). Overall, dietary supplementation appears to 
have limited impact on cattle growth.  
 Similarly, Cu supplementation has limited impact on carcass characteristics. Engle and 
Spears (2001) supplemented calves with 0, 10, or 40 mg Cu from CuSO4 for a 56 d growing 
period (9.8 mg Cu/kg diet DM), and a 179 d finishing period (5.1 mg Cu/kg diet DM), and found 
minimal differences in carcass characteristics between the treatments. They did note that within 
backfat thickness, there was a decrease in calves fed 40 mg supplemental Cu/kg (0.91 cm) 
relative to calves fed 10 mg supplemental Cu/kg (1.20 cm). Solaiman et al. (2004) also identified 
a trend for Cu supplementation to decrease backfat thickness. Wether goats fed diets 
supplemented with 0, 100, or 200 mg Cu daily from CuSO4 for 112 d (dosed through the 
esophagus daily) and fed a high concentrate diet containing 13.8 mg Cu/kg diet DM had a linear 
decrease in backfat thickness (0.24, 0.13, and 0.08 cm, respectively). Supplemental Cu may 
decrease 12th rib backfat thickness, but has little impact on other carcass characteristics, even in 
diets that contain less Cu than the NRC recommends (2000).  
 Overall, Cu supplementation above NRC recommendations (2000) to diets containing 
minimal antagonists may not improve growth or carcass characteristics. However, when diets 
contain Cu antagonists, such as Fe, Mo, or S, supplementation of Cu may be important to 
maintain cattle performance.  
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Table 2. Influence of supplemental dietary Cu on cattle growth and carcass characteristics 
Reference Stage of 
production 
Cattle initial 
weight/type 
Study 
length 
Control 
diet total 
Cu mg/kg 
Supplemented 
diet total Cu, 
mg/kg 
Cu 
source 
Supplemental 
Cu response 
Ward et al., 1993 Growing  218 kg, steers 86 d 6.2  11.2  CuSO4 
or Cu-
lysine 
No differences 
Ward and Spears, 
1997 
Receiving  254 kg, Angus 
steers 
40 d 6.89  11.89 
 
CuSO4 No differences 
Ward and Spears, 
1997 
Growing  Angus steers 196 d 5.2  10.2 
 
CuSO4 No differences 
Ward and Spears, 
1997 
Finishing  Angus steers 49 d 2.85  7.85 
 
CuSO4 ADG 
Ribeye area 
Engle and 
Spears, 2001 
Growing 329 kg, 
Simmental steers 
56 d 9.8  19.8 or 49.8 
 
CuSO4 No differences 
Engle and 
Spears, 2001 
Finishing  426 kg, 
Simmental steers 
69 - 123 d 5.1  15.1 or 45.1 
 
CuSO4 ⇔ADG 
 Backfat 
(45.1 mg/kg 
Cu) 
 = increase 
 = decrease 
 = no change
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Manganese 
Manganese, similar to other trace minerals, is an important component of antioxidant 
enzymes, as well as a component of glucose metabolism and extracellular matrix formation 
(Suttle, 2010). However, very little research has been completed investigating the impact of 
supplemental Mn on growth and carcass characteristics of cattle. The little work that has been 
completed indicates that supplemental Mn above the dietary Mn requirement of 20 mg Mn/kg 
diet DM for growing cattle (NRC, 2000) has limited impact on cattle. Legleiter et al., (2005) fed 
steers (248 kg initial BW) through a growing (84 d; 29.2 mg Mn/kg diet DM in basal diet) and 
finishing period (104 to 132 d; 8.1 mg Mn/kg diet DM in basal diet) and supplemented with 0, 
10, 20, 30, 120, or 240 mg Mn/kg diet DM from MnSO4. There was no effect of Mn 
supplementation on ADG (1.34, 1.25, 1.22, 1.30, 1.24, and 1.27 kg/d, respectively), or growing 
period final BW (360, 351, 352, 355, 353, and 353 kg, respectively). The growing period diet 
contained Mn concentrations greater than the requirement, so cattle may not have needed 
additional Mn. However, despite the basal diet containing less than half of the Mn requirement, 
there was also no impact of Mn concentration during the finishing period on ADG (1.60, 1.64, 
1.60, 1.67, 1.67, and 1.59 kg/d, respectively) or final BW (551, 545, 541, 546, 542, and 544 kg, 
respectively). In addition, Mn supplementation did not impact HCW, REA, backfat thickness, or 
marbling score. Further demonstrating the minimal impact of supplemental Mn on growth of 
beef cattle, Hansen et al. (2006a) found that supplementing 0, 10, 30, or 50 mg Mn/kg diet DM 
from MnSO4 for a 196 d period to beef heifers fed a basal diet containing 15.8 mg Mn/kg diet 
DM did not influence ADG (0.98, 0.97, 0.98, and 1.01 kg/d, respectively) or G:F (0.11 across all 
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treatments). Currently available research in cattle would suggest that the Mn requirement for 
growing and finishing cattle does not exceed 15.8 mg Mn/kg diet DM. 
 
Selenium 
Selenium is a vital component of glutathione peroxidase, and is incorporated into the 
body in the form of Se-containing amino acids, selenomethionine and selenocysteine (Suttle, 
2010). The Se requirement for beef cattle has been established at 0.1 mg/kg diet DM, and Se 
supplementation is limited to 0.3 mg/kg diet DM from sodium selenate or sodium selenite by the 
FDA (2003). However, in areas where the soil contains high concentrations of Se, Se 
concentrations in feedstuffs can be much greater. 
 Cattle research on Se supplementation often focuses on Se status and tissue Se 
concentration, and performance is not often discussed. The limited information available about 
Se nutrition of cattle suggests that Se supplementation also does not often improve performance, 
or impact carcass characteristics. Lawler et al. (2004) evaluated the performance of finishing 
steers (351 kg initial BW) fed diets containing 0 (0.38 mg Se/kg in basal diet) or supplemented 
with 2.84 mg Se/kg diet DM from sodium selenate, high-Se hay (in the form of 
selenomethionine) hay, or high-Se wheat (in the form of selenomethionine) for a 126 d finishing 
period. They found that supplemental Se did not have any effect on final BW (563, 572, 557, and 
567 kg for no supplemental Se, sodium selenate, high-Se hay, and high-Se wheat, respectively), 
HCW (339, 339, 331, and 339 kg, respectively), or other carcass characteristics. Perry et al. 
(1976) completed 2 studies investigating the effect of 0, 0.1, 0.2 or 0.4 mg Se/kg from sodium 
selenite to a diet containing 0.08 mg Se/kg diet DM. In the first experiment, steers (258 kg initial 
BW) were fed finishing diets for 204 d containing either 0 or 0.1 mg supplemental Se/kg diet
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Table 3. Influence of supplemental dietary Mn on cattle growth and carcass characteristics 
Reference Stage of 
production 
Cattle initial 
weight/type 
Study 
length 
Control 
diet, total 
Mn 
Supplemented 
diet total 
Mn/Source 
Mn 
source 
Supplemental 
Mn response 
Legleiter et al., 
2005 
Growing  248 kg, steers 84 d 29.2 mg/kg 39.2, 49.2, 
59.2, 149.2, or 
269.2 mg/kg 
MnSO4 No differences 
Legleiter et al., 
2005 
Finishing  354 kg, steers 104-132 d 8.1 mg/kg 18.1, 28.1, 
38.1, 128.1, or 
248.1 mg/kg 
MnSO4 No differences 
Hansen et al., 2006 Growing 
and 
finishing  
249 kg, Angus 
and Simmental 
heifers 
196 d 15.8 mg/kg 25.8, 45.8, or 
65.8 mg/kg 
MnSO4 No differences 
 
Table 4. Influence of supplemental dietary Se on cattle growth and carcass characteristics 
Reference Stage of 
production 
Cattle initial 
weight/type 
Study 
length 
Control 
diet, total 
Se 
Supplemented 
diet total 
Se/Source 
Se source Supplemental 
Se response 
Perry et al., 1976 Finishing  258 kg, Hereford 
steers 
204 d 0.08  0.18  Na2SeO4 ADG 
Perry et al., 1976 Finishing  241 kg, Hereford 
steers 
140 d 0.08  0.18, 0.28, 
0.48  
Na2SeO4 ADG (0.28 
and 0.48 
mg/kg Se) 
Lawler et al., 2004 Finishing  351 kg, steers 126 d 0.38  3.22  Na2SeO4, 
high Se-
feedstuffs 
No 
differences 
 = increase 
 = decrease 
 = no change 
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DM, and Se supplemented steers had greater ADG (1.05 kg/d) relative to non-Se supplemented 
cattle (0.95 kg/d). However in the second experiment, where steers (241 kg initial BW) were fed 
diets supplemented with 0, 0.1, 0.2, or 0.4 mg Se/kg for 140 d, there was no difference between 
steers fed 0 or 0.1 mg Se/kg diet (1.25 and 1.20 kg/d, respectively), but steers supplemented with 
0.2 or 0.4 mg Se/kg had lesser ADG (1.13 and 1.15 kg/d, respectively) than non-supplemented 
steers. There does not appear to be a consistent performance response to supplemental Se in 
finishing steers.  
Although the growth and carcass responses to trace mineral supplementation appear to be 
minimal, it is important to note that these calves were likely unstressed, and healthy. As 
mentioned previously, trace minerals are required for several antioxidant enzymes, which 
become vital during stressors and health challenges, in order to support the immune system 
(Spears, 2000). Supplementation of trace minerals, especially when supplemented above NRC 
recommendations (2000), may be most useful to prevent negative growth responses when cattle 
growth rates are maximized or when cattle are stressed or experiencing a health challenge. 
 
 
Markers of the Inflammatory Response 
 
 The inflammatory response can be defined as a biological reaction to a disruption 
in tissue homeostasis (Ashley et al., 2012). Inflammation and free radicals are produced as a part 
of normal cellular processes, but increased radical production has been implicated in several 
inflammatory diseases (McCord, 2000). The acute inflammatory response can be triggered by 
several factors, including infection or tissue injury, and involves transport of various plasma and 
leukocyte factors to the site of disruption (Medzhitov, 2008). Inflammation is the non-specific 
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first defense of the body, designed to identify and destroy the cause of the disruption, as well as 
remove affected tissue and stimulate repair to restore tissue homeostasis (Ashley et al., 2012). 
Inflammation can be induced by several factors, but in general, pathogens are detected through 
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns 
(DAMPs) that can bind to toll-like receptors found on the surface of many cell types (Muzio et 
al., 2000). Toll-like receptor expression depends on the specific TLR isoform, and can be 
expressed ubiquitously (TLR1) or specifically (TLR 3), with variation in between (TLR2, TLR4, 
and TLR5) but expression of TLR is not restricted to immune cells (Muzio et al., 2000). This 
binding will lead to the activation of nuclear factor kappa-light chain enhancer of activated B 
cells (NF-κB), a transcription factor that functions to upregulate transcription of various pro-
inflammatory cytokines, to initiate signaling (Tak and Firestein, 2001). Subsequently, the 
cytokines trigger the production and release of several types of leukocytes and acute phase 
proteins (Cray et al., 2009). 
Multiple types of stimuli can trigger the inflammatory response. The most typical 
activators of the inflammatory response are pathogens, such as bacterial or viral invaders. 
However, physical and psychological stress can also stimulate the inflammatory response 
(Steptoe et al., 2007), and will be the main focus of this section of the review. Although 
causative relationships have not been demonstrated, convincing correlative data support the 
theory that neuroendocrine activity in response to stress activates the inflammatory response 
(Bierhaus et al., 2003).  Blood mononuclear cells harvested from humans 10 min after being 
subjected to acute psychosocial stress (mediated through a free speech and arithmetic task 
accomplished in front of an audience for 15 min) have increased plasma adrenocorticotropin 
hormone concentrations, salivary cortisol concentrations and plasma norepinephrine 
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concentrations relative to pre-stress values, typical of the stress response. The mononuclear cells 
also show an increase in NF-κB binding activity, indicating immune cascade signaling at the 
same time, suggesting that acute stress can activate the NF-κB signaling pathway (Bierhaus et 
al., 2003). The direct mechanism(s) through which these signaling cascades intersect is yet 
unknown, but activation of the inflammatory response by stress in cattle has been demonstrated 
several times (Hickey et al., 2003; Arthington et al., 2008; Cooke et al., 2013). 
 
Cytokines  
Cytokines are a group of proteins, peptides, and glycoproteins that are involved in 
multiple processes within the body, most significantly acting like hormones within the immune 
and inflammatory response, that induce the acute phase response (Cray et al., 2009). Cytokines 
include interferons, interleukins, chemokines, mesenchymal growth factors, the tumor necrosis 
family, and adipokines (Dinarello, 2007). Cytokines can be either pro-inflammatory or anti-
inflammatory molecules that typically function to mobilize immune cells, like neutrophils, to the 
site of infection for action and activate the synthesis of acute phase proteins during an 
inflammatory response (Cray et al., 2009). 
Interleukin-6 (IL-6) is the major regulator of the synthesis and release of acute phase 
proteins (Heinrich et al., 1990) and is released in response to NF-κB activation and binding (Tak 
and Firestein, 2001). In vitro research using cultured bovine hepatocytes from Holstein calves 
has demonstrated that when stimulated with recombinant human IL-6 (0, 1, 10, and 100 U/mL) 
and TNF-α (0, 10, 100 and 1,000 U/mL), haptoglobin mRNA and haptoglobin protein (as 
measured by immunoprecipitation) were increased (Nakagawa-Tosa et al., 1995). In addition, 
recombinant human IL-6 infusion (0.1 mL/h for 7 d, containing 1.25 mg IL-6/mL) to calves (180 
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kg BW) increased plasma haptoglobin concentrations (peaking between 940 and 1,430 µg/mL 
for individual calves, after 3 d of infusion) relative to calves infused with phosphate buffered 
saline for 7 d (plasma haptoglobin concentrations were non-detectable), although the leukocyte 
profiles did not change (Nakajima et al., 1993). Interleukin-6 has also been demonstrated to 
increase in response to a disease challenge, as calves (314 kg BW) challenged intratracheally 
with Mannheimia haemolytica (serotype-1; 10 mL of a solution containing 6 × 109 cfu) had 
greater serum IL-6 concentrations 72 h post-challenge (1,966 pg/mL) relative to calves that only 
received phosphate buffered saline (1,442 pg/mL; Burciaga-Robles et al., 2010). Interleukin-6 
appears to be a reliable indicator of an active inflammatory response in cattle; however, the 
manner in which a stressor like transit may affect IL-6 in cattle is not well characterized. In 
addition, chronic stress and how it impacts cytokine production in cattle is also uncharacterized, 
and increases the difficulty of predicting the cytokine response in cattle. 
Tumor necrosis factor-α is acute phase pro-inflammatory cytokine that is also responsible 
for activating the acute phase response [characterized by rapid changes in concentrations in 
response to an inflammatory stimuli; Gabay and Kushner, (1999)] and can further induce the 
secretion of IL-6 (Feghali and Wright, 1997).  Cattle response to TNF-α was demonstrated by 
Kushibiki et al. (2003), where Holstein cows (584 kg BW) injected with recombinant bovine 
TNF-α every day for 7 d (2.5 µg/kg BW daily) had increasing plasma haptoglobin concentrations 
as measured daily (non-detectable prior to infusion, increasing to approximately 1,600 µg/mL by 
d 7) relative to saline injected cattle (non-detectable throughout the experimental period). Tumor 
necrosis factor-α has also been demonstrated to increase in response to a disease challenge in 
cattle, as the previously mentioned calves (314 kg BW) challenged intratracheally with 
Mannheimia haemolytica also had greater serum TNF-α concentrations 72 h post-challenge (540 
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pg/mL) relative to calves that only received phosphate buffered saline (367 pg/mL; Burciaga-
Robles et al., 2010). Tumor necrosis factor-α has also not been evaluated in response to a 
physical and psychological stressor such as weaning or transit in cattle; however, the 
downstream effects of TNF-α, such as haptoglobin, are often affected by transit stress, as will be 
discussed below, suggesting that TNF-α could be a good acute marker of the inflammatory 
response.  
 Interleukin-8 (IL-8) is a pro-inflammatory chemokine that is often described as being 
involved in both the acute and chronic inflammatory responses (Feghali and Wright, 1997). 
Interleukin-8 is released to function primarily as a chemoattractant and activator of neutrophils 
(Baggiolini et al., 1989). Patients with chronic inflammatory airway diseases (bronchiectasis, 
cystic fibrosis or chronic bronchitis) have increased sputum IL-8 concentrations (6.5 × 10-9 M) 
relative to healthy subjects (1.1 × 10-10 M; Richman-Eisenstat et al., 1993). Additionally, when 
sputum IL-8 concentrations were measured at hospital admission in patients with cystic fibrosis, 
concentrations were greater (9.4 × 10-9 M) than at hospital discharge (3.4 × 10-9 M), but were 
still greater than healthy subjects (1.1 × 10-10 M; Richman-Eisentat et al., 1993). It is possible 
that IL-8 concentrations may be greater in response to acute inflammation, relative to chronic 
inflammation, and may be a viable marker by which to distinguish between the two. The plasma 
IL-8 concentration in transition dairy cattle, as measured every 5 d, from 15 d prior to parturition 
to 15 d post-parturition, was consistently lesser in cows with retained placenta (51 pg/mL at 
calving) relative to cows without retained placenta (134 pg/mL at calving; Kimura et al., 2002) 
supporting the theory that neutrophil function is impaired in cows with retained placenta. 
Interleukin-8 has not been often used to evaluate inflammation in cattle; however, its potential 
use as both an acute and chronic marker of inflammation makes it an attractive option. 
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 Overall cytokines appear to be responsive to health challenges in cattle, and have been 
proven to activate the acute phase response. However, inflammatory cytokines are not often 
measured in cattle, making comparisons across research experiments difficult, and the cytokine 
response in cattle difficult to predict. Researchers most commonly measure acute phase proteins, 
which are the downstream results of cytokine production. 
 
Haptoglobin 
Haptoglobin is an acute phase protein that binds strongly to hemoglobin in order to 
prevent release of free Fe from hemoglobin, and generation of the hydroxyl radical and lipid 
peroxides by Fe, near areas of inflammation (Dobryszycka, 1997). Research has classified 
haptoglobin as a specifically acute marker of inflammation in cattle (Horadagoda et al., 1999). In 
an evaluation of cattle classified as clinically ill, cattle were separated into acute (sudden onset of 
clinical signs, fever, symptoms associated with acute inflammation of an organ or joints) and 
chronic conditions (long duration, weight loss, lack of fever) and blood acute phase proteins and 
leukocytes were measured (Horadagoda et al., 1999). The researchers found that haptoglobin 
was increased in cattle with acute inflammation (1,476 µg/mL) relative to cattle with chronic 
inflammation (374 µg/mL). Horadagoda et al., (1999) estimated that use of serum haptoglobin 
concentration was 73% efficient in distinguishing between acute and chronic inflammation, 
relative to serum amyloid-A concentration, α1-acid glycoprotein concentration, leukocyte 
numbers, neutrophil numbers, and band neutrophil numbers (immature neutrophils; Glasser and 
Fiederlein, 1987). Although these authors suggest that haptoglobin is an acute inflammatory 
marker, the time course by which haptoglobin concentrations increase and then decrease in 
circulation has not been specified in cattle.  
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 Haptoglobin is often used as a marker of inflammation (Murata et al., 2004) and is the 
most widely studied acute phase protein in cattle. Plasma haptoglobin concentrations have been 
used to identify cattle response to both rapid dietary changes and high concentrate diets (Ametaj 
et al., 2009). Calves (248 kg BW) were fed a backgrounding diet composed of 45% barley-based 
grain concentrate, and 55% barley silage for 12 wk (30.8% dietary NDF), and then were 
transitioned to a finishing diet over a 4 wk period to a 9% barley silage, and 91% barley grain-
based concentrate diet (20.3% dietary NDF). Calves received the finishing diet for 15 weeks 
prior to harvest (Ametaj et al., 2009).  Researchers found that plasma haptoglobin 
concentrations, measured every 3 wk over the entire growing and finishing periods, peaked 
approximately 9 wk into the backgrounding period (1,700 µg/mL), then decreased at the end of 
the backgrounding period (12 wk, 1,500 µg/mL). At the beginning of the transition to the 
finishing diet, plasma haptoglobin concentrations were approximately 700 µg/mL, and peaked 3 
wk into the transition to the finishing diet at approximately 1,900 µg/mL, before decreasing and 
remaining relatively consistent (approximately 500-600 µg/mL) for the remainder of the 
finishing period. The plasma haptoglobin concentrations indicate an inflammatory response late 
during the backgrounding period, and a large peak in inflammation in response to the dietary 
change to the finishing diet. However, plasma haptoglobin concentrations did not indicate a 
chronic inflammation response to high grain finishing diets (91% grain), relative to lower 
concentration backgrounding diet (45% grain). Alternately, concentrations of other acute phase 
proteins, such as serum amyloid-A, were lesser during the backgrounding phase (averaging 
approximately 8 µg/mL) than the finishing period (averaging approximately 5 µg/mL), indicating 
chronic inflammation (Ametaj et al., 2009). This research reinforces the concept that plasma 
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haptoglobin concentrations, while sensitive to inflammation, may not be the best option to 
evaluate chronic inflammatory responses.   
Haptoglobin concentration of the blood may also be a good biomarker for acute stress. 
Plasma haptoglobin concentrations were increased in calves (217 kg BW) that experienced 24 h 
transit stress, immediately after the stressor (350 µg/mL) relative to calves that were not 
transported and had access to feed and water (150 µg/mL), but haptoglobin concentrations were 
not different 4 d after transit (Marques et al., 2012). Similarly, steers (228 kg BW) also subjected 
to transit for 24 h, had increased plasma haptoglobin concentrations immediately after transit 
(1,200 µg/mL) relative to non-transported calves that were maintained with access to feed and 
water (450 µg/mL). Plasma haptaglobin concentrations were still greater at 4 d post-transit 
(1,100 and 250 µg/mL, in transit stressed, and non-transit stressed cattle, respectively), but were 
not different 7 d after transit (approximately 250 µg/mL for all cattle; Cooke et al., 2013). 
Holland et al. (2011) measured serum haptoglobin concentration in receiving calves (241 kg 
BW) upon arrival to the feedlot, to determine if serum haptoglobin concentration could be an 
accurate predictor of morbidity or performance. They found that while serum haptoglobin was 
not associated with overall growth performance, calves with greater serum haptoglobin 
concentrations were more likely to be treated for BRD multiple times. Haptoglobin is reliably 
increased in response to a significant stressor in cattle and is a useful marker of stress and 
inflammation. However, depending on the stressor, haptoglobin may only be useful as a marker 
of acute stress and inflammation, and may be less useful to distinguish chronically stressed or ill 
cattle from healthy, non-stressed cattle.  
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Ceruloplasmin 
Ceruloplasmin is a Cu containing ferroxidase, which catalyzes the oxidation of ferrous Fe 
to ferric Fe (Patel et al., 2002). Research demonstrates that ceruloplasmin is a reliable indicator 
of stress in ruminants (Ceciliani et al., 2012). Plasma ceruloplasmin concentrations were 
increased in response to 24 h transit of calves (26 mg/dL; 217 kg BW) relative to non-transit 
stressed calves (23.5 mg/dL) immediately after transit, but was not different after 4 d (Marques 
et al., 2012). Similarly, calves (228 kg BW) also transported for 24 h had increased plasma 
ceruloplasmin concentrations immediately after transport (45 mg/dL) that remained increased at 
4 and 7 d post-transit (47 and 45 mg/dL at 4 and 7 d post-transit, respectively), relative to non-
transit stressed calves (40, 38, and 40 mg/dL at 1, 4 and 7 d post-transit, respectively; Cooke et 
al., 2013). In another study, calves (250 kg BW) were weaned and also subjected to transit for 
1,600 km, remaining on the tractor-trailer for a total of 24 h, and blood samples were collected 
just prior to, just after, and 4, 8, 15, 22, and 29 d post-transit (Arthington et al., 2008). The 
researchers found that pre-transit plasma ceruloplasmin concentrations were approximately 24 
mg/dL, which increased to approximately 33, 34, and 35 mg/dL on d 1, 4, and 8 d post-transit, 
respectively, and remained increased at 15, 22, and 29 d post-transit relative to pre-transit values 
(29, 28, and 28 mg/dL, respectively). Overall, this research indicates that plasma ceruloplasmin 
concentrations respond reliably to a stressor, and may be a better chronic indicator of stress and 
inflammation in cattle, than plasma haptoglobin concentrations.  
 
Blood leukocyte profile 
In one of the previously mentioned studies comparing cattle with acute inflammatory 
conditions to cattle with chronic inflammatory conditions (Horodagoda et al., 1999), blood 
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leukocyte, neutrophil, and band neutrophil numbers were also evaluated. These authors indicated 
that blood leukocyte numbers are not as sensitive to inflammation as the acute phase proteins, 
haptoglobin and serum amyloid-A. However, a review of the leukocyte profile in response to 
stress, in several species but excluding cattle, indicates that overall leukocyte numbers will 
increase immediately in response to stress, and then rapidly decrease, while individual leukocyte 
types will respond differently (Dhabhar, 2002). Blood lymphocyte numbers will decrease, while 
neutrophil numbers will increase (Dhabhar, 2002). These results appear to be consistent within 
the bovine stress response.  
 Hickey et al. (2003) evaluated the leukocyte profiles of calves (259 kg BW) in response 
to the stress of weaning. Calves that were weaned had greater blood neutrophils as a percent of 
total leukocytes 24 h post-weaning (33.4 %) relative to non-weaned calves (26.7%), but 
lymphocytes as a percent of total leukocytes was lesser in weaned calves 24 h post-weaning 
(62.7%) than non-weaned calves (69.7%), while total leukocyte number was not affected by 
weaning. In another study where steers (BW range: 201-465 kg) were exposed to transit stress 
for 16 h, leukocyte profiles followed a similar trend in response to stress (Van Engen et al., 
2014). Shipped calves had increased blood neutrophil and monocyte numbers immediately post-
shipping (3.88 ×103 cells/ µL and 0.55 ×103 cells/ µL, respectively) relative to pre-shipping 
values (1.89 ×103 cells/ µL and 0.39 ×103 cells/ µL, respectively), but decreased blood 
lymphocyte numbers post-shipping (6.31 ×103 cells/ µL) relative to pre-shipping values (7.32 
×103 cells/ µL). This typical response has been described as a ‘stress leukogram’ characterized 
by neutrophilia and lymphopenia (Van Engen et al., 2014). Additionally, researchers have often 
reported the neutrophil to lymphocyte ratio as an indicator of stress, although results have been 
variable. Hickey et al. (2003) found that the stress of weaning led to an increase in the 
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neutrophil:lymphocyte ratio (0.62), relative to non-weaned calves (0.40). Alternately, the 
neutrophil:lymphocyte ratio calculated from Van Engen et al., (2014) was decreased in response 
to a 16 h shipping period (0.26) relative to pre-shipping values (0.61). Although neutrophilia and 
lymphopenia are relatively consistent in response to stress and appear to be adequate markers of 
stress, the ratio of the two types of leukocytes may be a less consistent marker of stress, and will 
depend on the relative changes within each leukocyte type. In addition, research has not shown a 
consistent response of leukocyte profile to a chronic stressor, so the leukocyte profile may only 
be useful to indicate an acute stress response. 
These markers can be indicative of changes in the inflammatory response. However, as 
these individual markers respond to a challenge at different times relative to the beginning of a 
challenge, care should be taken to select the proper inflammatory marker to evaluate the 
inflammatory response. Researchers have indicated that in general, acute stress will result in an 
enhancement of the immune response, while chronic stress will result in immunosuppression 
(Dhabhar, 2002) although these differential responses have not been quantified in cattle. The 
inflammatory response is an important aspect of physiology; however, the biological cost of 
producing molecules and proteins related to the inflammatory response can decrease animal 
performance (Gifford et al., 2012). In general, a hallmark of the inflammatory response is that it 
occurs at the same time as decreased feed intake (Dantzer, 2001). This relationship means that 
the resources that are necessary to fuel production of these various inflammatory markers, such 
as acute phase proteins and cytokines will be from catabolism of existing adipose tissue and 
muscle depots (Ceciliani et al., 2012). The energetic cost of inflammation can lead to decreases 
in growth and decreased carcass quality (Gifford et al., 2012). In addition, decreased feed intake 
will decrease total trace mineral intake, and trace minerals are critical for production and support 
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of acute phase proteins, like Cu-containing ceruloplasmin. Therefore, modulation of the 
inflammatory response could be beneficial to improve the efficiency of cattle.  
 
Transit Stress 
 
Shipping of cattle is a necessary part of the beef cattle industry. Unfortunately, the stress 
associated with transit, as well as feed and water deprivation, can cause significant body weight 
loss (Hutcheson and Cole, 1986) due to physiological, psychological, and physical stress induced 
by transit. Weight loss and physiological responses during and after transit stress can be affected 
by many variables, including type of cattle, duration of transit, time of loading, and ambient 
temperature (González et al., 2012). Transit will induce a stress response, typically characterized 
by an increase in plasma cortisol concentrations (Möstl and Palme, 2002), which can in turn 
cause inflammatory and acute phase responses which may induce tissue catabolism, redirecting 
nutrients from growth to the immune response, thus decreasing growth performance (Marques et 
al., 2012). 
 Body weight loss, or shrink, is a negative consequence of transit stress. Weaned calves 
(average BW of 278 kg) shipped for 24 h had an average shrink of 8.6% (Arthington et al., 
2008). Similarly, Marques et al. (2012) found that cattle (219 kg BW) subjected to transit stress 
for a 24 h period experienced BW shrink of 9.6%. The response of young calves to transit stress 
is very consistent, as Cooke et al. (2013) also found that calves (227 kg BW) subjected to 
transport for 24 h demonstrated 8.89% BW shrink. The shrink experienced by the calves in these 
studies was greater than the average reported shrink experienced by calves (230 kg) subjected to 
long-haul transport (>400 km) in the North American cattle transit industry of 6.13%, as reported 
by a survey from Gonzalez et al. (2012). However, the average time on truck of 11.6 h reported 
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by Gonzalez et al. (2012) is less than half of the time that calves experienced in experimental 
studies, and is likely the cause of the differences in BW shrink. This BW loss leads to less cattle 
weight when animals are brought to a salebarn, or lost weight for a feedlot producer sending 
cattle to harvest, ultimately decreasing potential profit. In addition, greater shrink has also been 
linked to poorer growth performance and increased morbidity in the feedlot (Gonzalez et al., 
2012). Therefore, minimizing shrink could have an overall positive impact on the beef industry. 
 The physical response induced by shipping is not limited to shrink during time on the 
truck. Shipping stressed calves can also have poorer performance post-shipping, than non-
shipped counterparts. Calves (217 kg) shipped for 24 h had lesser ADG (0.91 kg/d) and G:F 
(0.127) in the 28 d period following shipping than calves that were not shipped (1.27 kg/d and 
0.163 for ADG and G:F, respectively; Marques et al., 2012). Calves shipped for 6 h had similar 
ADG, and G:F compared to non-shipped control calves, but had lesser DMI (4.29 kg/d) in the 
period from 57-80 d post-shipping than non-shipped controls (4.84 kg/d; Kegley et al., 1997). 
Poor performance after shipping could be a consequence of increased physiological markers of 
stress such as acute phase proteins and inflammation (Gifford et al., 2012). Physiological 
responses to transit stress have also been observed in cattle. Transit generally causes markers of 
stress and acute phase proteins to rapidly increase. Using an injection of corticotropin-releasing 
hormone (CRH; 0.1 µg of bovine CRH/kg of BW) to simulate stress, researchers noted an 
immediate peak in plasma cortisol 1 h post-injection (Cooke and Bohnert, 2011) in 168 kg 
Angus steers. These researchers also noted an acute phase response characterized by increases in 
plasma ceruloplasmin (31.5 and 35.2 mg/dL at 0 and 54 h, respectively), and haptoglobin (2.8 
and 4.3 absorbance units at 0 and 54 h, respectively) post CRH-challenge. Additionally an 
increase in the pro-inflammatory cytokine interleukin-6 post-challenge (1.34 and 1.49 log pg/mL 
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for pre- and post-challenge values, respectively) was observed (Cooke and Bohnert, 2011). 
These responses are similar to physiological responses measured in calves subjected to shipping 
stress. For example, concentrations of plasma ceruloplasmin, a Cu-containing acute phase 
protein that oxidizes ferrous Fe to ferric Fe to prevent oxidative damage (Hellman and Gitlin, 
2002), and plasma haptoglobin (an acute phase protein that scavenges free hemoglobin to 
prevent damage due to hemolysis; Wagener et al., 2001) were increased after unloading 
immediately post-shipping (130% and 160% increase relative to pre-shipping values, 
respectively; Arthington et al., 2008). Similarly, transit-stressed calves (228 kg) had increased 
plasma haptoglobin (1,200 µg/dL vs. 500 µg/dL in non-shipped calves), ceruloplasmin (45 
mg/dL vs. 40 mg/dL in non-shipped calves), and cortisol (41 ng/mL vs. 35.4 ng/mL in non-
shipped calves) concentrations immediately after shipping for 24 h (Cooke et al., 2013). In 
general, the stress of transit will increase markers of the stress and acute phase protein responses.  
 However, the physiological response of an animal to the stress of shipping appears to be 
variable. Researchers subjected beef bulls (233 kg BW) to 9 h of transit stress, and measured 
several indices of stress before, during, and after transit (Buckham Sporer et al., 2008). They 
found that relative to pre-shipping values, plasma haptoglobin and fibrinogen concentrations 
actually decreased until approximately 5 h post-shipping, and then began to increase up through 
40 h post-shipping, but never increased above pre-shipping concentrations. This response is in 
contrast to other research, as both plasma haptoglobin and fibrinogen concentrations are widely 
accepted ruminant acute phase proteins that generally increase in response to acute stressors or 
infection (Horadagoda et al., 1999; Ceciliani et al., 2012). More similar to other research, plasma 
cortisol concentrations were increased halfway through shipping, and decreased just after 
shipping, but remained greater than pre-transit values (Buckham Sporer et al., 2008).  Although 
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responses to stress can be variable, in general, rapid increases in acute phase proteins and 
inflammatory markers are observed. The synthesis of these proteins requires catabolism of body 
tissues; due to anorexia associated with stress (Ceciliani et al., 2012) and can negatively impact 
post-stressor growth.  
Studies examining the effects of transit stress on cattle are often confounded by the 
deprivation of feed and water that occurs during transport. The deprivation of feed and water can 
cause stress as well, but in general researchers have found that lack of feed and water cannot 
account for all physical responses noted in transit-stressed cattle. Marques et al. (2012) found 
that cattle (219 kg BW) subjected to transit stress for a 24 h period had greater BW shrink than 
cattle subjected to feed and water deprivation for the same amount of time (9.6% and 8.1%, 
respectively). Transported cattle had increased plasma cortisol, ceruloplasmin, and haptoglobin 
concentrations after shipping relative to calves that were not shipped, and had access to feed and 
water. However, despite experiencing an apparently lesser physical response to stress, the feed 
and water restricted cattle experienced increases in plasma cortisol and non-esterified fatty acid 
concentrations that were greater than transit stressed cattle. The feed-restricted cattle also 
experienced plasma ceruloplasmin concentrations and haptoglobin concentrations that were 
similar to transit stressed cattle initially, but remained increased for a longer period of time (up to 
28 d post-stressor). These physiological differences between feed and water restriction are 
consistent, as Galyean et al. (1981) also observed that cattle subjected to a 32 h fast had 
numerically greater serum triglyceride (46.3 mg/dL) and cortisol (3.81 µg/dL) concentrations 
than cattle transported for 32 h (33.3 mg/dL and 1.88 µg/dL, respectively). This differential 
response is interesting, as transit stressed animals also undergo feed and water deprivation. The 
neuroendrocrine response has been previously linked to increases in plasma cortisol, non-
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esterified fatty acids and acute phase protein concentrations through the administration of CRH 
(Cooke and Bohnert, 2011; Cooke et al., 2012). Marques et al. (2012) noted that the 
neuroendocrine response to feed and water restriction appears to be more severe than the 
response to shipping, due to greater increases in plasma cortisol, non-esterified fatty acids, and 
an extended increase in acute phase proteins, but had no suggestions or hypotheses to explain 
this phenomenon. Current research has not determined the cause of these differences.   
Transit stress can also induce oxidative stress, which may contribute to decreased 
resistance to infection, and increased susceptibility to bovine respiratory disease. Chirase et al. 
(2004) found that feeder steers (average BW of 207 kg) transported for 20 h had decreases in 
serum total antioxidant capacity from 147 U/mL 3 d prior to shipping to 133 U/mL 1 d post-
shipping. Interestingly, serum total antioxidant concentrations continued to decrease through 28 
d post-shipping, to 115 U/mL, possibly reflective of the continued stress of relocation and 
comingling after shipping. This change in markers of oxidative stress may be one of the reasons 
that newly received calves are much more susceptible to disease. Also serum malondialdehyde 
(MDA) concentrations, a product of lipid oxidation, were increased after shipping relative to pre-
shipping values (10.9 mg/mL and 30.2 mg/mL, respectively). Intriguingly, calves that died after 
shipping had serum MDA concentrations that were 1.44-fold greater than calves that survived. 
Calves that experienced 3 or more episodes of bovine respiratory disease (BRD) also had greater 
serum MDA concentrations (64 µg/mL) than steers that had 2 or less episodes of BRD (29 
µg/mL). This relationship is important because stressed cattle are much more susceptible to 
BRD, which is often described as ‘shipping fever’ (Camp et al., 1981) and is one of the main 
causes of morbidity in the feedlot (Chirase et al., 2004). These data suggest that cattle with 
suppressed antioxidant capacity may be more susceptible to BRD. Antioxidant enzymes often 
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contain trace minerals, and improved trace mineral status may improve antioxidant capacity, and 
decrease oxidative stress and susceptibility to a disease challenge.  
All of these stressors can lead to decreases in DMI, potentially decreasing trace mineral 
consumption by cattle during this time. Reduced trace mineral consumption is unfavorable 
because trace minerals are intimately involved in many of the physiological responses to stress 
mentioned previously. Trace minerals are components of several antioxidant enzymes, including 
Mn-superoxide dismutase, Cu/Zn-superoxide dismutase, and Se-containing glutathione 
peroxidase (Suttle, 2010). In fact, stressed cattle may have altered mineral status. Beef calves 
(167 kg) fed diets containing chopped millet hay and a soybean meal based supplement, and 
consuming 165 mg Zn and 45 mg Cu daily from the diet were used in an experiment to 
determine Cu and Zn excretion in response to simulated stress (Nockels et al., 1993). Three days 
prior to being challenged with adrenocorticotropin hormone (ACTH; 80 IU administered 
intramuscularly every 8 h for 72 h), the mineral supplement was removed from the diet. Upon 
beginning the ACTH challenge period, calves were restricted from feed and water for 36 h, and 
then were supplied with hay (0.5% of BW, containing 4.2 mg Zn and 1.9 mg Cu/kg DM) and 4 L 
of water every 12 h for the next 36 h. Copper and Zn excretion and retention were measured in 
response to the ACTH injections during the 72 h ACTH period. Fecal and urinary Cu (12.2 mg 
and 1.66 mg Cu/d, respectively) and Zn excretion (65.2 mg and 0.66 mg Zn/d, respectively) were 
decreased during ACTH administration relative to baseline values (37.0 mg/d Cu and 129.0 mg 
Zn/d excreted in the feces, and 2.95 mg Cu/d and 1.82 mg Zn/d excreted in the urine), yet overall 
Cu and Zn retention was negative during ACTH administration (-11.54 mg Cu/d and -39.02 mg 
Zn/day; Nockels et al., 1993). The authors hypothesized that the lesser urinary output for steers 
during the stress period may account for the lesser Cu and Zn excretion despite negative Cu and 
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Zn retention. It is also possible that removing the supplemental Cu and Zn from the diet 3 d prior 
to administration of ACTH, as well as restricting feed during the first half of the challenge, may 
have caused the calves to decrease excretion regardless of stress, as previous research suggests 
that Cu excretion is greater in response to a stressor. Calves (201 kg BW) fed diets containing 
15.7 mg Cu and 81.6 mg Zn/kg diet DM, placed in metabolism stalls to facilitate total urine 
collection, and inoculated with infectious bovine rhinotracheitis virus (IBRV) had greater urinary 
Cu and Zn excretion, peaking 4 d post-inoculation at approximately 900 mg Zn/d and 18 mg 
Cu/d relative to baseline values of 200 mg Zn/d and 4 mg Cu/d excreted prior to IBRV 
inoculation (Orr et al., 1990). Trace mineral excretion in response to a stressor may lead to 
decreased available mineral pools for production of important trace mineral-containing 
antioxidant enzymes, which are important during a disease challenge to combat oxidative stress 
and maintain immunity (Spears and Weiss, 2008). The increased excretion and retention of trace 
minerals in response to a stressor may present an opportunity for mineral supplementation to 
temper the negative consequences of stress, and maintain health and growth performance upon 
arrival in the feedlot.  
 
 
β-adrenergic Receptor Agonists in Beef Production 
 
In general, as a beef animal matures and grows in size, less energy is partitioned to 
protein deposition, while more energy is partitioned to lipid deposition (Owens et al., 1995). 
However, the demand for a lean beef product and penalties for overly fat carcasses create 
incentives for producers to maintain protein deposition through the end of the finishing period 
(Sillence, 2004). Currently, feeding β-adrenergic receptor agonists is a well-accepted method to 
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improve lean gain and efficiency during the last 30-40 days prior to harvest, when a beef animal 
is most prone to fat accretion (Quinn et al., 2008). Beta-adrenergic receptor agonists are 
structurally similar to the neurotransmitters norepinephrine and epinephrine (Smith, 1998). 
Through binding of a β-adrenergic receptor agonist to a β-adrenergic receptor, activation of the 
Gs protein causes subsequent activation of adenylyl cyclase that catalyzes the conversion of ATP 
into cyclic adenosine monophosphate (cAMP), a major intracellular signaling molecule 
(Mersmann, 1998). This interaction causes activation of several enzymes, including those 
responsible for lipolysis (hormone-sensitive lipase), and deactivation of enzymes responsible for 
lipogenesis (acetyl-CoA-carboxylase), as well as phosphorylation of the transcription factor 
cAMP response element binding protein (CREB; Mersmann, 1998). Additionally, β-adrenergic 
receptor agonists will induce muscle hypertrophy, shifts in muscle fiber type, and lesser protein 
degradation in the animal (Beerman et al., 2002), although specific mechanisms remain to be 
elucidated. The currently available synthetic agonists for finishing cattle include ractopamine 
hydrochloride and zilpaterol hydrochloride, which act on different G-protein coupled receptor 
subtypes.  
 The distribution of functional β-adrenergic receptors in bovine skeletal muscle and 
adipose tissue has been estimated to be approximately 75-90% β1-receptors, while β2-receptors 
were detected, but could not be quantified, and β3-receptors were not detected (Sillence and 
Matthews, 1994). Zilpaterol hydrochloride is a β1 and β2-adrenergic receptor agonist, which has 
a greater affinity for the β2 receptor (Verhoeckx et al., 2005). Ractopamine hydrochloride 
(RAC), alternatively, has a greater affinity for the β1-adrenergic receptor (Arp et al., 2014). 
Ractopamine hydrochloride (marketed under the trade name Optaflexx by Elanco or Actogain45 
by Zoetis) and its impact on cattle will be the main focus of this section. 
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 Ractopamine hydrochloride supplementation in the final 28-42 d prior to harvest 
generally increases live growth performance relative to non-supplemented cattle, with more 
modest impacts on carcass weight accretion. Abney et al. (2007), Gruber et al. (2007) and 
Scramlin et al. (2010) observed increases of 7.3 to 9.4 kg in final live BW, and 5.27 to 6.9 kg in 
HCW when steers were fed 200 mg·animal−1·d−1 of RAC relative to non-RAC fed controls. A 
meta-analysis was completed by Elanco (2013) summarizing 32 feedlot research trials using 0, 
100, 200 or 300 mg·animal−1·d−1 of RAC for 28 to 42 d, and compared overall animal 
performance. They found that overall, linearly increasing RAC supplementation led to a linear 
increase in average daily gain (1.35, 1.49, 1.58, and 1.62 kg/d, respectively) and feed efficiency 
(0.133, 0.147, 0.156, and 0.160, respectively) during the RAC feeding period. Ractopamine 
hydrochloride supplemented cattle also had greater HCW relative to control cattle (3.08, 6.12, 
and 9.2 kg greater than non-RAC supplemented cattle, for 100, 200, and 300 mg·animal−1·d−1, 
respectively). Ractopamine hydrochloride improves live weight gains, and hot carcass weight to 
a lesser extent, relative to cattle fed diets without supplemental RAC. However, the mechanisms, 
and physiological changes that RAC elicits are less well-defined. 
 One of the limitations to RAC supplementation is that it can only be legally used up to 42 
prior to harvest of livestock, which in part is due to desensitization of the G-protein-coupled 
receptor to binding of the agonist (Spurlock et al, 1994) and action of cyclic nucleotide 
phosphodiesterase (PDE; Perry et al, 2002) which lessens the efficacy of the β-agonist. In fact, 
RAC is often only supplemented for 28 d, because from 35-42 d of RAC supplementation, the 
response is lessened. Abney et al. (2007) found that in cattle receiving RAC at a rate of either 
100 or 200 mg·animal−1·d−1, there was a quadratic effect as the duration of RAC feeding 
increased from 28 to 35 or 42 d on ADG (1.15, 1.35, and 1.33 kg/d, respectively), G:F (0.128, 
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0.143, and 0.143, respectively) and HCW (362.7, 368.4, 365.6 kg, respectively) where the 
response increased from 28 to 35 d, but was not different or lesser from 35  to 42 d. Researchers 
have demonstrated that supplementation of 200 mg·animal−1·d−1 of RAC for 28 d will decrease 
mRNA expression of the β1- adrenergic receptor in longissimus dorsi over the supplementation 
period, from 0.125 arbitrary units based on a biopsy just prior to RAC supplementation, 
decreasing to 0.08 arbitrary units after 14 d of supplementation, and finally decreasing to 0.01 
arbitrary units after 28 d of supplementation (Winterholler et al., 2008). At the same time as 
receptor abundance is decreasing, the activity of PDE will increase, degrading cAMP and 
decreasing β-agonist stimulated signaling (Perry et al., 2002). Quantification of the cAMP signal 
in response to feeding a β-agonist has not been completed in cattle. However, stimulation of 
human embryonic kidney cells (HEK293) in vitro with 10 µM of the β-agonist isoproterenol 
increases the protein expression and activity of PDE within 5 minutes of stimulation (Perry et al., 
2002). Suppressing the activity of PDE may allow for continuation of the β-agonist signal, and 
maintain the positive growth promoting effect on cattle. 
 
Zinc and β-adrenergic receptor interrelationships 
 Interestingly, Zn may be a phosphodiesterase inhibitor. The mechanisms of action of Zn 
in cell signaling in cell culture and mouse models suggest that Zn may elicit effects on growth 
through the same biochemical cascade as a β-agonist (Holst et al., 2007, Hojyo et al., 2011). In 
ZIP14 knock-out mice (one of the main cellular Zn importers) decreased body weight and 
decreased bone length are among the consequences of decreased cellular Zn uptake (Hojyo et al., 
2011). In addition to decreased growth, ZIP14 KO mice have 50% greater cyclic nucleotide 
phosphodiesterase activity and 40% lesser cAMP concentrations in chondrocytes than wild type 
  
mice, suggesting that Zn may regulate PDE activity. Also within the liver of ZIP14 KO mice, 
similar decreases in cAMP conce
activity (24% greater activity relative to wild type mice) are coupled with lesser hepatic Zn 
concentrations (decreased by approximately 25%) and metallothionein mRNA expression 
(decreased by approximately 90%) relative to wild type mice (Hojyo et al., 2011). Zinc may play 
a role within the G-protein coupled receptor cascade, either by directly interacting with PDE to 
decrease activity, or by activating a currently unknown protein or factor that i
to decrease overall PDE activity 
 
 
 
 
 
 
 
Figure 1. The G-protein coupled
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RAC. Research in finishing pigs has demonstrated that increasing dietary Zn concentration with 
50 mg Zn/kg from a Zn amino acid complex will increase ADG (0.92 kg/d) and final BW (127 
kg) relative to pigs fed 50 mg supplemental Zn/kg from ZnO (0.89 kg/d and 124.8 kg for ADG 
and final BW, respectively) when 8 mg RAC/kg diet DM was included in the diet (Patience and 
Chipman, 2011). Commercial work completed with finishing cattle has indicated that feeding 
beef cattle additional supplemental Zn from a Zn amino acid complex with RAC can improve 
growth beyond that of RAC alone (Zinpro, 2012). A 2 × 2 factorial, with two inclusions of RAC 
(0 or 200 mg·animal−1·d−1 of RAC for the final 28 d), and two dietary Zn concentrations (0 or 
360 mg Zn/steer daily from Zn methionine, equating to 77 or 105 mg Zn/kg diet DM, with days 
on Zn ranging from 148 to 159 d) was completed in finishing steers (343 kg initial BW; Zinpro, 
2012). Based on final BW calculated from hot carcass weights, steers that were fed Zn 
methionine and RAC gained approximately 4.5 kg more live weight, and 3.2 kg more hot carcass 
weight than steers fed RAC alone. Similarly, cattle fed 360 mg Zn from Zn methionine for the 
final 100 d of the finishing period (89 mg/kg total dietary Zn), and supplemented with 200 
mg·animal−1·d−1 of RAC for the final 28 of the finishing period had greater final BW (622 kg), 
ADG (1.7 kg/d) and HCW (405 kg) relative to steers receiving RAC alone without supplemental 
Zn methionine (54 mg/kg total dietary Zn; 615 kg, 1.68 kg/d, and 398 kg for final BW, ADG, 
and HCW, respectively; Zinpro, 2007). Although the mechanism is currently unknown, the 
additional improvement to growth in cattle fed supplemental Zn methionine, above the Zn 
requirement of cattle, may be due to the potential inhibition of PDE activity within the G-protein 
coupled receptor cascade, preventing a decrease in the cAMP signal, and allowing for 
continuation of the β-agonist signal. Increasing the dietary Zn concentration to alter β-agonist 
feeding strategies could improve overall cattle performance, and increase overall production and 
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profitability of the beef industry. However, more intensive research has not been completed to 
evaluate this response in cattle. 
 
Literature Cited 
 
Abney, C. S., J. T. Vasconcelos, J. P. McMeniman, S. A. Keyser, K. R. Wilson, G. J. Vogel, and 
M. L. Galyean. 2007. Effects of ractopamine hydrochloride on performance, rate, and 
variation in feed intake, and acid-base balance in feedlot cattle. J. Anim. Sci. 85:3090-
3098. 
 
Allen, J. D., and J. M. Gawthorne. 1987. Involvement of the solid phase of rumen digesta in the 
interaction between copper, molybdenum, and sulphur in sheep. Br. J. Nutr. 58:265-276. 
 
Ametaj, B. N., K. M. Koenig, S. M. Dunn, W. Z. Yang, Q. Zebeli, and K. A. Beauchemin. 2009. 
Backgrounding and finishing diets are associated with inflammatory responses in feedlot 
steers. J. Anim. Sci. 87:1314-1320. 
 
Anderson, P. H., S. Berrett, and D. S. P. Patterson. 1978. Glutathione peroxidase activity in 
erythrocytes and muscle of cattle and sheep and its relationship to selenium. J. Comp. Path. 
88:181-189. 
 
Arelovich, H. M., F. N. Owens, G. W. Horn, and J. A. Vizcarra. 2000. Effects of supplemental 
zinc and manganese on ruminal fermentation, forage intake, and digestion by cattle fed 
prairie hay and urea. J. Anim. Sci. 78:2972-2979. 
 
Arelovich, H. M., H. E. Laborde, M. I. Amela, M. B. Torrea, and M. F. Martínez. 2008. Effects 
of dietary addition of zinc and (or) monensin on performance, rumen fermentation, and 
digesta kinetics in beef cattle. Spn. J. Agric. Res. 6:362-372. 
 
Arp, T. S., S. T. Howard, D. R. Woerner, J. A. Scanga, D. R. McKenna, W. H. Kolath, P. L. 
Chapman, J. D. Tatum, and K. E. Belk. 2014. Effects of dietary ractopamine hydrochloride 
and zilpaterol hydrochloride supplementation on performance, carcass traits, and carcass 
cutability in beef steers. J. Anim. Sci. 92:836-843. 
 
Arredondo, M., P. Muñoz, C. V. Mura, and M. T. Núñez. 2003. DMT1, a physiologically 
relevant apical Cu1+ transporter of intestinal cells. Am. J. Physiol. Cell Physiol. 
284:C1525-C1530. 
 
Arthur, J. R., and R. Boyne. 1985. Superoxide dismutase and glutathione peroxidase activities in 
neutrophils from selenium deficient and copper deficient cattle. Life Sciences. 36:1569-
1575. 
 
  
 
72
Arthington, J. D., F. M. Pate, and J. W. Spears. 2003. Effect of copper source and level on 
performance and copper status of cattle consuming molasses-based supplements. J. Anim. 
Sci. 81:1357-1362. 
 
Arthington, J. D. 2005 Effects of copper oxide bolus administration or high-level copper 
supplementation on forage utilization and copper status in beef cattle. J. Anim. Sci. 
83:2894-2900. 
 
Arthington, J. D., X. Qiu, R. F. Cooke, J. M. B. Vendramini, D. B. Araujo, C. C. Chase Jr., and 
S. W. Coleman. 2008. Effects of preshipping mangagement on measures of stress and 
performance of beef steers during feedlot receiving. J. Anim. Sci. 86:2016-2023. 
 
Arthur, J.R. and Beckett, G.J. 1994. Roles of selenium in type I iodothyronine 5Åë-deiodinase 
and in thyroid hormone and iodine metabolism. In: R. F. Burk, editor, Selenium in Biology 
and Human Health. Springer-Verlag Inc., New York, p. 93–115. 
 
Ashley, N. T., Z. M. Weil, and R. J. Nelson. 2012. Inflammation: Mechanisms, costs, and natural 
variation. Annu. Rev. Ecol. Evol. Syst. 43:385-406. 
 
Atkinson, A. J., W. A. Colburn, V. G. DeGruttola, D. L. DeMets, G. J. Downing, D. F. Hoth, J. 
A. Oates, C. C. Peck, R. T. Schooley, B. A. Spilker, J. Woodcock, and S. L. Zeger. 2001. 
Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework. Clin. 
Pharmacol. Ther. 69:89-95.  
 
Baggiolini, M., A. Walz, and S. L. Kunkel. 1989. Neutrophil-activation peptide-1/interleukin-8, 
a novel cytokine that activates neutrophils. J. Clin. Invest. 84:1045-1049. 
 
Beckett, G.J. and J. R. Arthur. 2005. Selenium and endocrine systems. J. Endocrinol. 184:455–
465. 
 
Beerman, D. H. 2002. Beta-adrenergic receptor agonists modulation of skeletal muscle growth. J. 
Anim. Sci. 80:E18-E23. 
 
Beeson, W. M., T. W. Perry, and T. D. Zurcher. 1977. Effect of supplemental zinc on growth and 
on hair and blood serum levels of beef cattle. J. Anim. Sci. 45:160-165. 
 
Berg, J.M. 1990. Zinc fingers and other metal-binding domains: elements for interactions 
between molecules. J. Biol. Chem. 265:6513–6516 
 
Bertinato, J., M. Iskandar, M. R. L’Abbe. 2003. Copper deficiency induces the upregulation of 
the copper chaperone for Cu/Zn superoxide dismutase in weanling male rats. J. Nutr. 
133:28-31. 
 
Bierhaus, A., J. Wolf, M. Andassay, N. Rohleder, P. M. Humpert, D. Petrov, R. Ferstl, M. von 
Eynatten, T. Wendt, G. Rudofsky, M. Joswig, M. Morcos, M. Schwaninger, B. McEwan, 
  
 
73
C. Kirschbaum, and P. P. Nawroth. A mechanism converting psychosocial stress into 
mononuclear cell activation. Proc. Natl. Acad. Sci. 100:1920-1925. 
 
Bremner, I. 1970. Zinc, copper and manganese in the alimentary tract of sheep. Br. J. Nutr. 
24:769-783. 
 
Buckham Sporer, K. R., P. S. D. Weber, J. L. Burton, B. Earley, and M. A. Crowe. 2008. 
Transportation of young beef bulls alters circulating physiological parameters that may be 
effective biomarkers of stress. J. Anim. Sci. 86:1325-1334. 
 
Burciaga-Robles, L. O., D. L. Step, C. R. Krehbiel, B. P. Holland, C. J. Richards, M. A. 
Montelongo, A. W. Confer, and R. W. Fulton. 2010. Effect of exposure to calves 
persistenly infected with bovine viral diarrhea virus type 1b and subsequent infection with 
Mannheima haemolytica on clinical signs and immune variables: Model for bovine 
respiratory disease via viral and bacterial interaction. J. Anim. Sci. 88:2166-2178. 
 
Camp, T. H., D. G. Stevens, R. A. Stermer, and J. P. Anthony. 1981. Transit factors affecting 
shrink, shipping fever and subsequent performance of feeder calves. J. Anim. Sci. 52:1219-
1224. 
 
Canonne-Hergaux, F., A. Zhang, P. Ponka, and P. Gros. 2001. Characterization of the iron 
transporter DMT1 (NRAMP2/DCT1) in red blood cells of normal and anemic mk/mk mice. 
Blood. 98:3823-3830. 
 
Carlson, G. P., and J. J. Kaneko. 1973. Isolation of leukocytes from bovine peripheral blood. 
Proc. Soc. Exp. Biol. Med. 142:853-856. 
 
Casareno, R. L. B, D. Waggoner, and J. D. Gitlin. 1998. The copper chaperone CCS directly 
interacts with copper/zinc superoxide dismutase. J. Biol. Chem. 273:23625-23628. 
 
Ceciliani, F., J. J. Ceron, P. D. Eckersall, and H. Sauerwein. 2012. Acute phase proteins in 
ruminants. J. Proteomics. 75:4207-4231. 
 
Chirase, N. K., L. W. Greene, C. W. Purdy, R. W. Loan, B. W. Auvermann, D. B. Parker, E. F. 
Walbourg Jr, D. E. Stevenson, Y. Xu, and J. E. Klaunig. 2004. Effect of transport stress on 
respiratory disease, serum antioxidant status, and serum concentrations of lipid 
peroxidation biomarkers in beef cattle. Am. J. Vet. Res. 65:860-864. 
 
Claypool, D. W., F. W. Adams, and H. W. Pendell. 1975. Relationship between the level of 
copper in the blood plasma and liver of cattle. J. Anim. Sci. 41:911-914. 
 
Conrad, M. E., J. N. Umbreit, E. G. Moore, L. N. Hainsworth, M. Porubcin, M. J. Simovich, M. 
T. Nakada, K. Dolan, and M. D. Garrick. 2000. Separate pathways for cellular uptake of 
ferric and ferrous iron. Am. J. Physiol. Gastrointest. Liver Physiol. 279:G767-G774. 
 
  
 
74
Cooke, R. F., and D. W. Bohnert. 2011. Technical note: Bovine acute-phase response after 
corticotropin-release hormone challenge. J. Anim. Sci. 89:252-257. 
 
Cooke, R. F., B. I. Cappellozza, T. A. Guarnieri Filho, and D. W. Bohnert. 2013. Effects of 
flunixin meglumine administration on physiological and performance responses of 
transported feeder cattle. J. Anim. Sci. 91:5500-5506. 
 
Cray, C., J. Zaias, and N. H. Altman. 2009. Acute phase response in animals: A review. Comp. 
Med. 59:517-526. 
 
Daniels, L. A. 1996. Selenium metabolism and bioavailability. Biol. Trace Elem. Res. 54:185-
199; 
 
Dantzer, R. 2001. Cytokine-induced sickness behavior: Mechanisms and implications. Ann. NY 
Acad. Sci. 933:222-234. 
 
Davis, C. D., D. M. Ney, and J. L. Greger. 1990. Manganese, iron and lipid interactions in rats. J. 
Nutr. 120: 507-513. 
 
Davis, C. D., and J. L. Greger. 1992. Longitudinal changes of manganese-dependent superoxide 
dismutase and other indexes of manganese and iron status in women. Am. J. Clin. Nutr. 
55:747-752. 
 
Davis, P. A., L. R. McDowell, N. S. Wilkinson, C. D. Buergelt, R. Van Alstyne, R. N. Weldon, 
and T. T. Marshall. 2006. Tolerance of inorganic selenium by range-type ewes during 
gestation and lactation. J. Anim. Sci. 84:660-668. 
 
Dehority, B. A., P. A. Tirabasso, and A. P. Grifo, Jr. 1989. Most-probably number procedures 
for enumerating ruminal bacteria, including the simultaneous estimation of total and 
cellulytic numbers in one medium. Appl. Environ. Microbiol. 55:2789-2792. 
 
Dermauw, V., A. De Cuyper, L. Duchateau, A. Waseyehon, E. Dierenfeld, M. Clauss, I. R. 
Peters, G. Du Laing, and G. P. J. Janssens. 2014a. A disparate trace element metabolism in 
zebu (Bos indicus) and crossbred (Bos indicus × Bos taurus) cattle in response to a copper-
deficient diet. J. Anim. Sci. published ahead of print May 14, 2014, doi:10.2527/jas.213-
6979. 
 
Dermauw, V., M. L. Alonso, L. Duchateau, G. D. Laing, T. Tolosa, E. Dierenfeld, M. Clauss, 
and G. P. J. Janssens. 2014b. Trace element distribution in selected edible tissues of zebu 
(Bos indicus) cattle slaughtered at Jimma SW Ethiopia. PLOSone. 9:1-8. 
 
Dhabhar, F. S. 2002. Stress-induced augmentation of immune function – The role of stress 
hormones, leukocyte trafficking, and cytokines. Brain Behav. Immun. 16:785-798. 
 
Dias, R. S., S. Lopez, Y. R. Montanholi, B. Smith, L. S. Haas, S. P. Miller, and J. France. 2013. 
A meta-analysis of the effects of dietary copper, molybdenum, and sulfur on plasma and 
  
 
75
liver copper, weight gain, and feed conversion in growing-finishing cattle. J. Anim. Sci. 
91:5714-5723. 
 
Dick, A. T., and L. B. Bull. 1945. Some preliminary observations on the effect of molybdenum 
on copper metabolism in herbivorous animals. Austr. Vet. J. 21:70-72. 
 
Dick, A. T. 1952. The effect of diet and of molybdenum on copper metabolism in sheep. Austr. 
Vet. J. 28:30-33. 
 
Dick, A. T. 1953. Influence of inorganic sulphate on the copper-molybdenum interrelationship in 
sheep. Nature. 172:637-638. 
 
Dinarello, C.A. 2007. Historical review of cytokines. Eur. J. Immunol. 37:S34-S45. 
 
Dobryszycka, W. 1997. Biological functions of haptoglobin: New pieces to an old puzzle. Eur. J. 
Clin. Chem. Clin. Biochem. 35:647-654.  
 
Donovan, D. C., A. R. Hippen, D. J. Hurley, and C. C. L. Chase. 2003. The role of acidogenic 
diets and β-hydroxybutyrate on lymphocyte proliferation and serum antiobody response 
against bovine respiratory viruses in Holstein steers. J. Anim. Sci. 81:3088-3094. 
 
Drewnoski, M. E., D. J. Pogge, and S. L. Hansen. 2014. High-sulfur in beef cattle diets: a 
review. J. Anim. Sci. jas.2013-7242; published ahead of print June 30, 2014, 
doi:10.2527/jas.2013-7242. 
 
Elanco. 2012. Effects of Optaflexx on performance and carcass characteristics in finishing steers: 
32-trial summary. Tech. Bull. No. USBUOPT00027. Elanco Animal Health, Greenfield, 
IN. 
 
Emanuele, S. M., and C. R. Staples. 1990. Ruminal release of minerals from six forage species. 
J. Anim. Sci. 68:2052-2060. 
 
Engle, T. E., and J. W. Spears. 2000. Effects of dietary copper concentration and source on 
performance and copper status of growing and finishing steers. J. Anim. Sci. 78:2446-
2451. 
 
Engle, T. E., and J. W. Spears. 2001. Performance, carcass characteristics, and lipid metabolism 
in growing and finishing Simmental steers fed varying concentrations of copper. J. Anim. 
Sci. 79:2920-2925. 
 
Eryavuz, A., and B. A. Dehority. 2009. Effects of supplemental zinc concentration on cellulose 
digestion and cellulolytic and total bacterial numbers in vitro. Anim. Feed Sci. Tech. 
151:175-183. 
 
Faixová, Z., and Š. Faix. 2002. Influence of metal ions on ruminal enzyme activities. Acta. Cet. 
Brno. 71:451-455. 
  
 
76
 
FDA. 2003. Code of Federal Regulations: Title 21, Food and Drugs. Available: 
http://www.access.gpo.gov/cgi-bin/cfrassemble.cgi?title=200321. Accessed July, 29, 2014. 
 
Feghali, C. A., and T. M. Wright. 1997. Cytokines in acute and chronic inflammation. Front. 
Biosci. 2:12-26.  
 
Fry, R. S. 2010. Dietary and genetic effects on cellular copper homeostasis in bovine and porcine 
tissues. PhD Diss. North Carolina State Univ., Raleigh.  
 
Gabay, C., and I. Kushner. 1999. Acute-phase proteins and other systemic responses to 
inflammation. N. Engl. J. Med. 340:448-454. 
 
Galyean, M. L., R. W. Lee, and M. E. Hubbert. 1981. Influence of fasting and transit on ruminal 
and blood metabolites in beef steers. J. Anim. Sci. 53:7-18. 
 
Gengelbach, G. P., J. D. Ward, and J. W. Spears. 1994. Effect of dietary copper, iron, and 
molybdenum on growth and copper status of beef cows and calves. J. Anim. Sci. 72:2722-
2727. 
 
Gibbons, R. A., S. N. Dixon, K. Hallis, A. M. Russell, B. F. Sansom, and H. W. Symonds. 1976. 
Manganese metabolism in cows and goats. Biochem. Biophys. Acta. 444:1-10.  
 
Gifford, C. A., B. P. Holland, R. L. Mills, C. L. Maxwell, J. K. Farney, S. J. Terrill, D. L. Step, 
C. J. Richards, L. O. Burciaga Robles, and C. R. Krehbiel. 2012. Impacts of inflammation 
on cattle growth and carcass merit. J. Anim. Sci. 90:1438-1451. 
 
Glasser, L., and R. L. Fiederlein. 1987. Functional differentiation of normal human neutrophils. 
Blood. 69:937-944. 
 
González, L. A., K. S. Schwartzkopf-Genswein, M. Bryan, R. Silasi, and F. Brown. 2012. 
Factors affecting body weight loss during commercial long haul transport of cattle in North 
America. J. Anim. Sci. 90:3630-3639. 
 
Gruber, S. L., J. D. Tatum, T. E. Engle, M. A. Mitchell, S. B. Laudert, A. L. Schroeder, and W. 
J. Platter. 2007. Effects of ractopamine supplementation on growth performance and 
carcass characteristics of feedlot steers differing in biological type. J. Anim. Sci. 85:1809-
1815. 
 
Hambidge, M. 2003. Biomarkers of trace mineral intake and status. J. Nutr. 133:948S-955S. 
 
Hansen, S. L., J. W. Spears, K. E. Lloyd, and C. S. Whisnant. 2006a. Feeding a low manganese 
diet to heifers during gestation impairs fetal growth and development. 89:4305-4311. 
 
  
 
77
Hansen, S. L., J. W. Spears, K. E. Lloyd, and C. S. Whisnant. 2006b. Growth, reproductive 
performance, and manganese status of heifers fed varying concentrations of manganese. J. 
Anim. Sci. 84:3375-3380. 
 
Hansen, S. L. and J. W. Spears. 2009. Bioaccessibility of iron from soil is increased by silage 
fermentation. J. Dairy Sci. 92:2893-2905. 
 
Hansen, S. L., M. S. Ashwell, L. R. Legleiter, R. S. Fry, K. E. Lloyd, and J. W. Spears. 2009. 
The addition of high manganese to a copper-deficient diet further depresses copper status 
and growth of cattle. Br. J. Nutr. 101:1068-1078. 
 
Hansen, S. L., M. S. Ashwell, A. J. Moeser, R. S. Fry, M. D. Knutson, and J. W. Spears. 2010. 
High dietary iron reduces transporters involved in iron and manganese metabolism and 
increases intestinal permeability in calves. J. Dairy Sci. 93:656-665. 
 
Harrision, M. D., C. E. Jones, and C. T. Dameron. 1999. Copper chaperones: function, structure 
and copper-binding properties. J. Biol. Inorg. Chem. 4:145-153.  
 
Heinrich, P. C., J. V. Castell, and T. Andus. 1990. Interleukin-6 and the acute phase response. 
Biochem. J. 265:621-636. 
 
Hellman, N. E., and J. D. Gitlin. 2002. Ceruloplasmin metabolism and function. Ann. Rev. Nutr. 
22:439-458. 
 
Hepburn, J. J., J. D. Arthington, S. L. Hansen, J. W. Spears, and M. D. Knutson. 2009. Techical 
note: Copper chaperone for copper, zinc superoxide dismutase: A potential biomarker for 
copper status in cattle. J. Anim. Sci. 87:4161-4166. 
 
Herdt, T. H., and B. Hoff. 2011. The use of blood analysis to evaluate trace mineral status in 
ruminant livestock. Vet. Clin. Food Anim. 27:255-283. 
 
Hickey, M. C., M. Drennan, and B. Earley. 2003. The effect of abrupt weaning of suckler calves 
on the plasma concentrations of cortisol, catecholamines, leukocytes, acute-phase proteins 
and in vitro interferon-gamma production. J. Anim. Sci. 81:2847-2855.  
 
Hojyo, S., T. Fukada, S. Shimoda, W. Ohashi, B. H. Bin, H. Koseki, and T. Hirano. 2011. The 
zinc transporter SLC39A14/ZIP14 controls G-protein coupled receptor-mediated signaling 
required for systemic growth. PLoS ONE. 6:e18059. Doi:10.1371/journal.pone.0018059. 
 
Holland, B. P., D. L. Step, L. O. Burciaga-Robles, R. W. Fulton, A. W. Confer, T. K. Rose, L. E. 
Laidig, C. J. Richards, and C. R. Krehbiel. 2011. Am. J. Vet. Res. 72:1349-1360. 
 
Holst, B., K. L. Egerod, E. Schild, S. P. Vickers, S. Cheetham, L. Gerlach, L. Storjohann, C. E. 
Stidsen, R. Jones, A. G. Beck-Sickinger, and T. W. Schwartz. 2007. GPR39 Signaling is 
stimulated by zinc ions by not by obestatin. Endocrinol. 148:13-20. 
 
  
 
78
Horadagoda, N. U., K. M. G. Knox, H. A. Gibbs, S. W. J. Reid, A. Horadagoda, S. E. R. 
Edwards, and P. D. Eckersall. 1999. Acute phase proteins in cattle: discrimination between 
acute and chronic inflammation. Vet. Rec. 144:437-441. 
 
Hsieh, H. S., and E. Frieden. 1975. Evidence for ceruloplasmin as a copper transport protein. 
Biochem. Biophys. Res. Comm. 67:1326-1331. 
 
Humphries, W. R., M. Phillippo, B. W. Young, and I. Bremner. 1983. The influence of dietary 
iron and molybdenum on copper metabolism in calves. Br. J. Nutr. 49:77-86. 
 
Hutcheson, D. P., and N. A. Cole. 1986. Management of transit-stress syndrome in cattle: 
nutritional and environmental effects. J. Anim. Sci. 62:555-560. 
 
Irato, P., and V. Albergoni. 2005. Interaction between copper and zinc in metal accumulation in 
rats with particular reference to the synthesis of induced-metallothionein. Chem. Biol. 
Interact. 155:155-164. 
 
Ivan, M., and D. M. Veira. 1981. Effect of dietary protein on the solubilities of manganese, 
copper, zinc and iron in the rumen and abomasum of sheep. Can. J. Anim. Sci. 61:955-959. 
 
Ivan, M. 1988. Effect of faunation on ruminal solubility and liver content of copper in sheep fed 
low or high copper diets. J. Anim. Sci. 66:1496-1501. 
 
Juniper, D. T., R. H. Phipps, E. Ramos-Morales, and G. Bertin. 2008. Effect of dietary 
supplementation with selenium-enriched yeast or sodium selenite on selenium tissue 
distribution and meat quality in beef cattle. J. Anim. Sci. 86:3100-3109. 
 
Kabaija, E., and O. B. Smith. 1988a. The effect of age of regrowth on content and release of 
manganese, iron, zinc, and copper from four tropical forages incubated in sacco in rumen 
of sheep. Anim. Feed Sci. Tech. 20:171-176. 
 
Kabaija, E., and O. B. Smith. 1988b. Trace element kinetics in the digestive tract of sheep fed 
diets with graded levels of dietary fibre. J. Anim. Physiol. Anim. Nutr. 59:218-224. 
 
Kagan, H. M., and W. Li. 2003. Lysyl Oxidase: Properties, specificity, and biological roles 
inside and outside of the cell. J. Cell. Biochem. 88:660-672. 
 
Kegley, E. B. J. W. Spears, and T. T. Brown, Jr. 1997. Effect of shipping and chromium 
supplementation on performance, immune response, and disease resistance for steers. J. 
Anim. Sci. 75:1956-1964. 
 
Kim, E. E., and H. W. Wyckhoff. 1991. Reaction mechanism of alkaline phosphatase based on 
crystal structures: Two-metal ion catalysis. J. Mol. Biol. 218:449-464. 
 
  
 
79
Kim, Y. Y., and D. C. Mahan. 2001. Comparative effects of high dietary levels of organic and 
inorganic selenium on selenium toxicity of growing-finishing pigs. J. Anim. Sci. 79:942-
948. 
 
Kimura, K., J. P. Goff, M. E. Kehrll, and T. A. Reinhardt. 2002. Decreased neutrophil function 
as a cause of retained placenta in cattle. J. Dairy Sci. 85:544-550.  
 
Kincaid, R. L. 2000. Assessment of trace mineral status of ruminants: A review. J. Anim. Sci. 
77:1–10. 
 
Kushibiki, S., K. Hodate, H. Shingu, Y. Obara, E. Touno, M. Shinoda, and Y. Yokomizo. 2003. 
Metabolic and lactational responses during recombinant bovine tumor necrosis factor-α 
treatment in lactating cows. J. Dairy Sci. 86:819-827. 
 
Lawler, T. L., J. B. Taylor, J. W. Finley, and J. S. Caton. 2004. Effect of supranutritional and 
organically bound selenium on performance, carcass characteristics, and selenium 
distribution in finishing steers. J. Anim. Sci. 82:1488-1493. 
 
Leach, R. M., Jr., and E. D. Harris. 1997. Manganese. In: B. L. O'Dell and R. A. Sunde, editors 
Handbook of Nutritionally Essential Mineral Elements. p 335-356. Marcel Dekker Inc., 
New York. 
 
Lee, J., M. M.O. Peña, Y. Nose, and D. J. Thiele. 2002. Biochemical characterization of the 
human copper transporter Ctr1. J. Biol. Chem. 277:4380-4387. 
 
Legleiter, L. R., J. W. Spears, and K. E. Lloyd. 2005. Influence of dietary manganese on 
performance, lipid metabolism, and carcass composition of growing and finishing steers. J. 
Anim. Sci. 83:2434-2439. 
 
Lowe, N. M., K. Fekete, and T. Decsi. 2009. Methods of assessment of zinc status in humans: a 
systematic review. Am. J. Clin. Nutr. 89:1S-12S. 
 
Lu, L., X. G. Luo, C. Ji, B. Liu, and Z. X. Yu. 2007. Effect of manganese supplementation and 
source on carcass traits, meat quality, and lipid oxidation in broilers. J. Anim. Sci. 85:812-
822. 
 
Malcolm-Callis, J., G. C. Duff, S. A. Gunter, E. B. Kegley, and D. A. Vermeire. 2000. Effects of 
supplemental zinc concentration and source on performance, carcass characteristics, and 
serum values in finishing beef steers. J. Anim. Sci. 78:2801-2808. 
 
Maret, W. 2009. Molecular aspects of human cellular zinc homeostasis:redox control of zinc 
potentials and zinc signals. Biometals. 22:149-157. 
 
Marques, R. S., R. F. Cooke, C. L. Francisco, and D. W. Bohnert. 2012. Effects of twenty-four 
hour transport or twenty-four hour feed and water deprivation on physiological and 
performance responses of feeder cattle. J. Anim. Sci. 90:5040-5046. 
  
 
80
 
Martinez, A., and D. C. Church. 1970. Effect of various mineral elements on in vitro rumen 
cellulose digestion. J. Anim. Sci. 31:982-990. 
 
Matsuda, A., M. Kimura, M. Kataoka, S. Ohkuma, M. Sato, and Y. Itokawa. 1989. Quantifying 
manganese in lymphocytes to assess manganese nutritional status. Clin. Chem. 35:1939-
1941.  
 
McCord, J. M. 2000. The evolution of free radicals and oxidative stress. Am. J. Med. 180:652-
659. 
 
Medzhitov, R. 2008. Origin and physiological roles of inflammation. Nature. 454:428-435. 
 
Merchen, N. R. 1988. Digestion, absorption and excretion in ruminants. In: D. C. Church, editor, 
The ruminant animal: Digestive physiology and nutrition. Waveland press, Long Grove, 
IL. p. 172-201. 
 
Mersmann, H. J., 1998. Overview of the effects of beta-adrenergic receptor agonists on animal 
growth including mechanisms of action. J. Anim. Sci. 76:160-172. 
 
Milne, D. B., R. L. Sims, and N. V. C. Ralston. 1990. Manganese content of the cellular 
components of blood. Clin. Chem. 36:450-452. 
 
Möstl, E., and R. Palme. 2002. Hormones as indicators of stress. Domest. Anim. Endocrinol. 
23:67-74.  
 
Murata, H., N. Shimada, M. Yoshioka. 2004. Current research on acute phase proteins in 
veterinary diagnosis: an overview. Vet. J. 168:28-40. 
 
Muzio, M., N. Polentarutti, D. Bosisio, P. P. Manoj-Kumar, and A. Mantovani. 2000. Toll-like 
receptor family and signaling pathway. Biochem. Soc. Trans. 28:563-566. 
 
Nakagawa-Tosa, N., M. Morimatsu, M. Kawasaki, H. Nakatsuji, B., Syuto, and M. Saito. 1995. 
Stimulation of haptoglobin synthesis by interleukin-6 and tumor necrosis factor, but not by 
interleukin-1, in bovine primary cultured hepatocytes. J. Vet. Med. Sci. 57:219-223. 
 
Nakajima, Y., E. Momotani, T. Murakami, Y. Ishikawa, M. Morimatsu, M. Saito, H. Suzuki, and 
K. Yasukawa. 1993. Induction of acute phase protein by recombinant human interleukin-6 
(IL-6) in calves. Vet. Immunol. Immunopathol. 35:385-391. 
 
Nockels, C. F., J. DeBonis, and J. Torrent. 1993. Stress induction affects copper and zinc balance 
in calves fed organic and inorganic copper and zinc sources. J. Anim. Sci. 71:2539-2545. 
 
NRC. 2000. Nutrient Requirements of Beef Cattle, Update of the 7th rev. Ed. Natl. Acad. Press. 
Washington, D. C. 
 
  
 
81
Nunnery, G. A., J. T. Vasconcelos, C. H. Parsons, G. B. Salyer, P. J. Defoor, F. R. Valdez, and 
M. L. Galyean. 2007. Effects of source of supplemental zinc on performance and humoral 
immunity in beef heifers. J. Anim. Sci. 85:2304-2313. 
 
Orr, C. L., D. P. Hutcheson, R. B. Grainger, J. M. Cummins, and R. E. Mock. 1990. Serum 
copper, zinc, calcium and phosphorus concentrations of calves stressed by bovine 
respiratory disease and infectious bovine rhinotracheitis. J. Anim. Sci. 68:2893-2900.  
 
Ott, E. A., W. H. Smith, M. Stob, H. E. Parker, and W. M. Beeson. 1965. Zinc deficiency 
syndrom in the young calf. J. Anim. Sci. 24:735-741. 
 
Ott, E. A., W. H. Smith, R. B. Harrington, H. E. Parker, and W. M. Beeson. 1966. Zinc toxicity 
in ruminants. IV. Physiological changes in tissues of beef cattle. J. Anim. Sci. 25:432-438. 
 
Owens, F. N., D. R. Gill, D. S. Secrist, and S. W. Coleman. 1995. Review of some aspects of 
growth and development of feedlot cattle. J. Anim. Sci. 73:3152-3172. 
 
Patel, B. N., R. J. Dunn, S. Y. Jeong, Q. Zhu, J. P. Julien, and S. David. 2002. Ceruloplasmin 
regulates iron levels in the CNS and prevents free radical injury. J. Neurosci. 22:6578-
6586. 
 
Patience, J. F., and A. Chipman. 2011. Impact of zinc source and timing of implementation on 
grow-finish performance, carcass composition and locomotion score. 
http://lib.dr.iastate.edu/ans_air/vol657/iss1/79. Accessed December 10, 2013. 
 
Payter, D. I. 1980. Changes in activity of the manganese superoxide dismutase enzyme in tissues 
of the rat with changes in dietary manganese. J. Nutr. 110:437-447. 
 
Perry, S. J., G. S. Baillie, T. A. Kohout, I. McPhee, M. M. Magiera, K. L. Ang, W. E. Miller, A. 
J. McLean, M. Conti, M. D. Houslay, and R. J. Lefkowitz. 2002. Targeting of cyclic AMP 
degradation to β2-adrenergic receptors by β-arrestins. Science. 298:834-836. 
 
Perry, T. W., W. M. Beeson, W. H. Smith, and M. T. Mohler. 1968. Value of zinc 
supplementation of natural rations for fattening beef cattle. J. Anim. Sci. 1674-1677. 
 
Perry, T. W., W. M. Beeson, W. H. Smith, and M. T. Mohler. 1976. Effect of supplemental 
selenium on performance and deposit of selenium in blood and hair of finishing beef cattle. 
J. Anim. Sci. 42:192-195. 
 
Pogge, D. J., E. L. Richter, M. E. Drewnoski, and S. L. Hansen. 2012. Mineral concentrations of 
plasma and liver after injection with a trace mineral complex differ among Angus and 
Simmental cattle. J. Anim. Sci. 90:2692-2698. 
 
Pogge, D. J., M. E. Drewnoski, and S. L. Hansen. 2014. High dietary sulfur decreases the 
retention of copper, manganese, and zinc in steers. J. Anim. Sci. 92:2182-2191. 
 
  
 
82
Prohaska, J.R., M. Broderius, B. Brokate. 2003. Metallochaperone for Cu,Zn-superoxide 
dismutase (CCS) protein but not mRNA is higher in organs from copper-deficient mice and 
rats.  Arch. Biochem. Biophys. 417:227-234.  
 
Raitan, D. J., S. Namasté, B. Brabin, G. Combs Jr., M. R. L’Abbe, E. Wasantwisut, and I. 
Darnton-Hill. 2011. Executive summary-Biomarkers of nutrition for development: 
Building a consensus. Am. J. Clin. Nutr. 94(suppl):633S-650S. 
 
Richman-Eisenstat, J. B. Y., P. G. Jorens, C. A. Hébert, I. Ueki, and J. A. Nadel. 1993. 
Interleukin-8: an important chemoattractant in sputum of patients with chronic 
inflammatory airway diseases. Am. J. Physiol. Lung Cell Mol. Physiol. 243:L413-L418. 
 
Rink, L., and P. Gabriel. 2000. Zinc and the immune system. Proc. Nutr. Soc. 59:541-552. 
 
Rosenbaum, D. M., S. G. F. Rasmussen, and B. K. Kobilka. 2009. The structure and function of 
G-protein-coupled receptors. Nature. 459:356-363. 
 
Roth, H. P., and M. Kirchgessner. 1981. Zinc and insulin metabolism. Biol. Trace Elem. Res. 
3:13-32. 
 
Rotruck, J. T., A. L. Pope, H. E. Ganther, A. B. Swanson, D. G. Hafeman, and W. G. Hoekstra. 
1973. Selenium: Biochemical role as a component of glutathione peroxidase. Science. 
179:588-590. 
 
Rutherford, J. C. and A. J. Bird. 2004. Metal-responsive transcription factors that regulate iron, 
zinc, and copper homeostasis in eukaryotic cells. Eukaryotic Cell. 3:1-13. 
 
Scramlin, S. M., W. J. Platter, R. A. Gomez, W. T. Choat, F. K. McKeith, and J. Killefer. 2010. 
Comparative effects of ractopamine hydrochloride and zilpaterol hydrochloride on growth 
performance, carcass traits, and longissimus tenderness of finishing steers. J. Anim. Sci. 
88:1823-1829. 
 
Sillence, M. N., and M. L. Matthews. 1994. Classical and atypical binding sites for β-
adrenoceptor ligands and activation of adenylyl cyclase in bovine skeletal muscle and 
adipose tissue membranes. Br. J. Pharmacol. 111:866-872. 
 
Sillence, M. N. 2004. Technologies for the control of fat and lean deposition in livestock. Vet. J. 
167:242-257. 
 
Smart, M. E., J. Gudmundson, and D. A. Christensen. 1981. Trace mineral deficiencies in cattle: 
A review. Can. Vet. J. 22:372–376. 
 
Smith, D. J. 1998. The pharmacokinetics, metabolism, and tissue residues of beta-adrenergic 
agonists in livestock. J. Anim. Sci. 76:173-194. 
 
Solaiman, S. G., C. E. Shoemaker, W. R. Jones, and C. R. Kerth. 2006. The effects of high levels 
  
 
83
of supplemental copper on the serum lipid profile, carcass traits, and carcass composition 
of goat kids. J. Anim. Sci. 84:171-177. 
 
Spears, J. W., and E. E. Hatfield. 1978. Nickel for ruminants: I. Influence of dietary nickel on 
ruminal urease activity. J. Anim. Sci. 47:1345-1350. 
 
Spears, J. W. 1989. Zinc methionine for ruminants: Relative bioavailability of zinc in lambs and 
effects of growth and performance of growing heifers. 67:835-843. 
 
Spears, J. W. 2000. Micronutrients and immune function in cattle. Proc. Nutr. Soc. 59:587-594. 
 
Spears J. W., and E. B. Kegley. 2002. Effect of zinc source (zinc oxide vs zinc proteinate) and 
level on performance, carcass characteristics, and immune response of growing and 
finishing steers. J. Anim. Sci. 80:2747-2752. 
 
Spears, J. W. 2003. Trace mineral bioavailability in ruminants. J. Nutr. 133:1506S-1509S. 
 
Spears, J. W., E. B. Kegley, and L. A. Mullis. 2004. Bioavailability of copper from tribasic 
copper chloride and copper sulfate in growing cattle. Anim. Sci. Feed. Tech. 116:1-13. 
 
Spears, J. W., and W. P. Weiss. 2008. Role of antioxidants and trace elements in health and 
immunity of transition dairy cows. Vet. J. 176:70-76. 
 
Spurlock, M. E., J. C. Cusumano, S. Q. Ji, D. B. Anderson, C. K. Smith, 2nd, D. L. Hancock, and 
S. E. Mills. 1994. The effect of ractopamine on beta-adrenoceptor density and affinity in 
procine adipose tissue and skeletal muscle tissue. J. Anim. Sci. 72:75-80. 
 
Standish, J. F. C. B. Ammerman, A. Z. Palmer, and C. F. Simpson. 1971. Influence of dietary 
iron and phosphorus on performance, tissue mineral composition and mineral absorption in 
steers. J. Anim. Sci. 33:171-178. 
 
Steptoe, A., M. Hamer, and Y. Chida. 2007. The effects of acute physiological stress on 
circulating inflammatory factors in humans: a review and meta-analysis. Brain, Behav, 
Immun. 21:901-912. 
 
Suttle, N. F. and C. H. McMurray. 1983. Use of erythrocyte copper:zinc superoxide dismutase 
activity and hair or fleece copper concentrations in the diagnosis of hypocuprosis in 
ruminants. Res. Vet. Sci. 35:47-52. 
 
Suttle, N. F. 1991. The interactions between copper, molybdenum, and sulphur in ruminant 
nutrition. Annu. Rev. Nutr. 11:121-140. 
 
Suttle, N. 2010. The mineral nutrition of livestock. 4th ed. CABI Publishing, New York.  
 
Tainer, J. A., E. D. Getzoff, J. S. Richardson, and D. C. Richardson. 1983. Structure, and 
mechanism of copper, zinc superoxide dismutase. Nature. 306:284-287. 
  
 
84
 
Tak, P. O., and G. S. Firestein. 2001. NF-κB: a key role in inflammatory diseases. J. Clin. Invest. 
107:7-11. 
 
Taylor, C. M., J. R. Bacon, P. J. Aggett, and I. Bremner. 1991. Homeostatic regulation of zinc 
absorption and endogenous losses in zinc-deprived men. Am. J. Clin. Nutr. 53:755-763. 
 
Thompson, K. G., A. J. Fraser, B. M. Harrop, J. A. Kirk, J. Bullians, and D. O. Cordes. 1981. 
Glutathione peroxidase activity and selenium concentration in bovine blood and liver as 
indicators of dietary selenium intake. N. Z. Vet. J. 29:3-6. 
 
Tsukihara, T., H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K. Shinzawa-Itoh, R. 
Yahono, S. Yoshikawa. 1995. Structures of metal sites of oxidized bovine heart 
cytochrome c oxidase at 2.8 Å. Science. 269:1069-1074. 
 
Van Engen, N. K., M. L. Stock, T. Engelken, R. C. Vann, L. W. Wulf, L. A. Karriker, W. D. 
Busby, J. Lakritz, A. J. Carpenter, B. J. Bradford, W. H. Hsu, C. Wang, and J. F. Coetzee. 
2014. Impact of oral meloxicam on circulating physiological biomarkers of stress and 
inflammation in beef steers after long-distance transportation. J. Anim. Sci. 92:498-510. 
 
Vasaconcelos, J. T., and M. L. Galyean. 2007. Nutritional recommendations of feedlot 
consulting nutritionists, The 2007 Texas Tech University survey. J. Anim. Sci. 85:2772-
2781. 
 
Verhoeckx, K. C. M., R. P. Doornbos, J. Van Der Greef, R. F. Witkamp, and R. J. T. Rodenburg. 
2005. Inhibitory effects of the β2-adrenergic receptor agonist ZH on the LPS-induced 
production of TNF-α in vitro and in vivo. J. Vet. Phamacol. Ther. 28:531-537. 
 
Wagener, F. W., A. Eggert, O. C. Boerman, W. J. Oyen, A. Verhofstad, N. G. Abraham, G. 
Adema, Y. Van Kooyk, T. De Witte, and C. G. Figdor. 2001. Heme is a potent inducer of 
inflammation in mice and is counteracted by heme oxygenase. Blood. 98:1802-1811. 
 
Ward, G. M. 1978. Molybdenum toxicity and hypocuprosis in ruminants: A review. J. Anim. Sci. 
46:1078-1085. 
 
Ward, J. D., and J. W. Spears. 1993. Comparison of copper lysine and copper sulfate as copper 
sources for ruminants using in vitro methods. J. Dairy. Sci. 76:2994-2998. 
 
Ward, J. D., J. W. Spears, and E. B. Kegley. 1993. Effect of copper level and source (copper 
lysine vs copper sulfate) on copper status, performance, and immune response in growing 
steers fed diets with or without supplemental molybdenum and sulfur. J. Anim. Sci. 
71:2748-2755. 
 
Ward, J. D., and J. W. Spears. 1997. Long-term effects of consumption of low-copper diets with 
or without supplemental molybdenum on copper status, performance, and carcass 
characteristics of cattle. J. Anim. Sci. 75:3057-3065. 
  
 
85
 
Weisiger, R. A., and I. Fridovich. 1973. Superoxide dismutase. J. Biol. Chem. 248:3582-3592. 
 
Wileman, B. W., D. U. Thomson, C. D. Reinhardt, and D. G. Renter. 2009. Analysis of modern 
technologies commonly used in beef cattle production: Conventional beef production 
versus nonconventional production using meta-analysis. J. Anim. Sci. 87:3418-3426. 
 
Winterholler, S. J., G. L. Parsons, D. K. Walker, M. J. Quinn, J. S. Drouillard, and B. J. Johnson. 
2008. Effect of feedlot management system on response to ractopamine-HCl in yearling 
steers. J. Anim. Sci. 86:2401-2414. 
 
World Health Organization. 2002. Chapter 4: Quantifying selected major risks to health. World 
Health Report. pp. 49-98. Geneva, Switzerland: World Health Organization. 
 
Zelko, I. N., T. J. Mariani. R. J. Folz. 2002. Superoxide dismutase multigene family: a 
comparison of the CUZN-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) gene 
structures, evolution, and expression. Free Rad. Biol. Med. 33:337-349. 
 
Zinpro. 2007. Evaluating performance and carcass quality of feedlot steers fed zinc from 
ZINPRO. Tech. Bull. No. B-5044. Zinpro Corporation, Eden Prairie, MN. 
 
Zinpro, 2012. Evaluating the performance of steers fed zinc from ZINPRO either with or without 
ractopamine. Tech. Bull. No. B-5054. Zinpro Corporation, Eden Prairie, MN. 
 
 
 
 
 
 
 
 
 
 
  
 
86
CHAPTER 3. 
 
THE EFFECT OF TRACE MINERAL SOURCE AND CONCENTRATION ON 
RUMINAL DIGESTION AND MINERAL SOLUBILITY 
 
The Journal of Dairy Science, published online November 7, 2014; doi:10.3168/jds.2014-8624 
(2014) 
 
O. N. Genther and S. L. Hansen 
 
ABSTRACT: The objective of this experiment was to compare the impact of sulfate trace 
mineral (STM) and hydroxy trace mineral (HTM) sources at different inclusions on DM and 
NDF digestibility, and solubility of Cu, Mn, and Zn in the rumen and abomasum of cattle. Five 
ruminally-cannulated steers were used in a 5 x 5 Latin square design, and individually fed a 
corn-silage based diet on an ad libitum basis. There were five dietary treatments: Control) no 
supplemental Cu, Mn, or Zn, analyzed to contain 7.4 mg Cu, 30.8 mg Mn, and 32.1 mg Zn/kg 
diet DM (CON); Low sulfate): 5 mg Cu/kg DM supplemented from CuSO4, 15 mg Mn/kg DM 
from MnSO4, and 30 mg Zn/kg DM from ZnSO4 (LSTM); Low HTM): 5 mg Cu/kg DM 
supplemented from basic copper chloride (IntellibondC), 15 mg Mn/kg DM from manganese 
hydroxychloride (IntellibondM), and 30 mg Zn/kg DM from zinc hydroxychloride (IntellibondZ; 
LHTM); High sulfate): 25 mg Cu/kg DM supplemented from CuSO4, 60 mg Mn/kg DM from 
MnSO4, and 120 mg Zn/kg DM from ZnSO4 (HSTM); and High HTM ): 25 mg Cu/kg DM 
supplemented from basic copper chloride, 60 mg Mn/kg DM from manganese hydroxychloride, 
and 120 mg Zn/kg DM from zinc hydroxychloride (HHTM). Periods lasted for 12 d, with 10 d 
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of diet adaptation. Dacron bags containing the CON TMR were inserted on d 11 at 0 h and were 
removed at 6, 12, 24, and 36 h post-insertion. Dry matter and NDF disappearances and rumen 
and simulated abomasal trace mineral solubilities were evaluated. Dietary treatment did not 
impact DMI. Dry matter disappearance was lesser in supplemental TM treatments, and greater in 
CON than the STM treatments, although there was no difference between CON and HTM 
treatments. Neutral detergent fiber disappearance was not affected by treatment. Ruminally 
soluble Cu and Mn concentrations were least in CON, and were lesser in HTM-containing 
treatments compared with STM treatments. However, in the abomasum, solubilities of Cu and 
Mn were similar across trace minerals sources.  Ruminal and simulated abomasal soluble Zn was 
greater in the HTM treatments than CON and STM, driven by the greater solubility of the 
HHTM treatment. Under the conditions of this study supplementing trace minerals as STM 
decreased DM digestibility, while HTM did not impact DM digestibility.  Additionally, Cu and 
Mn from HTM sources were relatively insoluble in the rumen, but had similar solubility as STM 
at the pH found in the abomasum, suggesting that these minerals should be available for 
absorption in the intestine. 
 
Introduction 
Rumen microorganisms require trace minerals (TM) for proper function. However, most 
research has shown that microorganism requirements for Cu, Mn, and Zn are minimal, much less 
than those typically provided by ruminant diets (Hubbert et al., 1958; Martinez and Church, 
1970). Dietary concentrations of TM well beyond NRC (2000) recommendations are commonly 
fed in the feedlot industry (Vasaconcelos and Galyean, 2007), while TM supplementation in the 
dairy industry remains uncharacterized. In vitro data also suggest that relatively small 
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concentrations of Cu, Mn, and Zn can negatively impact cellulose digestion, while in vivo 
experimental results have been less consistent. Supplementation of Cu (20 mg Cu/kg diet DM) 
had a negative impact on finishing cattle gain and feed efficiency (Engle and Spears, 2000a); 
however, the addition of similar concentrations in another study had no impact on rumen 
fermentation (Engle and Spears, 2000b). In vivo studies also suggest that a diet that is deficient in 
Zn for the animal is adequate for rumen microorganisms, while excessive dietary Zn 
concentrations may lessen DM digestibility (Somers and Underwood, 1969; Arelovich et al., 
2000). Overall, this presents a challenge to balance TM supplementation to meet animal needs, 
while avoiding negative impacts on ruminal activity. 
Trace mineral solubility can greatly impact the total concentration that is available to 
rumen microbes as only soluble minerals are available for use or interactions. Organic Zn 
sources are often more soluble in the rumen than inorganic sources (Spears, 2003) while 
hydroxy-TM (HTM) sources may be less soluble (Spears et al., 2004). IntellibondC (basic 
copper chloride), IntellibondM (manganese hydroxychloride), and IntellibondZ (zinc 
hydroxychloride) are Cu, Mn, and Zn metal hydroxy sources, respectively, that should be less 
soluble in the rumen. It is anticipated that these sources will solubilize at a lesser pH, as found in 
the abomasum and early small intestine, where absorption occurs. Lesser ruminal solubility of 
these sources may prevent decreased DM digestibility from TM supplementation, while still 
remaining available to the animal for absorption later in the intestine.  The objective of this 
experiment was to compare the impact of sulfate TM (STM) and HTM sources at different 
inclusions on DM disappearance, NDF disappearance, and ruminal and simulated abomasal 
solubilities of Cu, Mn, and Zn in cattle fed corn-silage based diets formulated for a lactating 
dairy cow. 
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Materials and Methods 
Five ruminally-cannulated steers (767 ± 82 kg) were used in a 5 x 5 Latin square design. Steers 
were individually fed a corn-silage based diet twice daily at 0700 h and 1500 h, formulated to 
meet the needs of a lactating dairy cow (36 kg/d milk yield) and allowed to consume water and 
feed on an ad libitum basis, for approximately 5% orts (Table 1). There were five dietary 
treatments: Control) no supplemental Cu, Mn, or Zn, analyzed to contain 7.4 mg Cu, 30.8 mg 
Mn, and 32.1 mg Zn/kg diet DM (CON); Low sulfate): 5 mg Cu/kg DM supplemented from 
CuSO4, 15 mg Mn/kg DM from MnSO4, and 30 mg Zn/kg DM from ZnSO4 (LSTM); Low 
HTM): 5 mg Cu/kg DM supplemented from basic copper chloride (Intellibond C, 
Micronutrients, Inc), 15 mg Mn/kg DM from manganese hydroxychloride (Intellibond M), and 
30 mg Zn/kg DM from zinc hydroxychloride (Intellibond Z; LHTM); High sulfate): 25 mg 
Cu/kg DM supplemented from CuSO4, 60 mg Mn/kg DM from MnSO4, and 120 mg Zn/kg DM 
from ZnSO4 (HSTM); and High HTM ): 25 mg Cu/kg DM supplemented from basic copper 
chloride, 60 mg Mn/kg DM from manganese hydroxychloride, and 120 mg Zn/kg DM from zinc 
hydroxychloride (HHTM). Steers were adapted to a common diet, similar to the final diet, for 21 
d prior to the beginning of the first period. Each 12 d period consisted of 10 d of diet adaptation, 
and in situ Dacron forage bags were inserted prior to feeding at 0600 h on d 11. 
Dry matter disappearance was measured using pre-weighed in situ forage bags (10 × 20 
cm, 50 µm porosity, ANKOM Technology, Macedon, NY). A TMR sample from the CON 
treatment (CON TMR was used as the substrate for all bags) was dried and ground through a 2 
mm screen in a Wiley mill (Thomas Scientific, Swedesboro, NJ), and 4 g of CON TMR was 
added to each bag and the bags were heat-sealed. For each time point 6 total bags were utilized, 2 
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blank bags (not containing TMR), and 4 bags containing TMR.  All bags (a total of 24 per steer) 
were added at 0 h, and 6 bags were removed at each of 4 time points, after 6, 12, 24, and 36 h of 
incubation. Once removed, bags were immediately immersed in ice water to cease fermentation, 
and then transported to the laboratory on ice and frozen at -20°C. After bags were removed at 36 
h post-insertion, ruminal contents were sampled via a suction strainer and subsamples were 
placed in 50 mL conical tubes and were immersed in ice water until being frozen at -20°C.  All 
bags for each period were hand-washed together with 15 changes of water until rinse water from 
the bags was clear. The final 2 washes were completed with deionized water. Bags were dried for 
48 h at 70°C in a convection oven, and weighed to determine DM disappearance. The percent 
DM disappearance at each time point was calculated as follows: 
 
Percent DM disappearance at time t = [1 – (Xt/A)] × 100,  
 
where X = DM remaining at time t, and A = initial DM content prior to incubation. 
Eight g of whole rumen fluid samples were sub-sampled in duplicate per steer per period 
and were subjected to ultracentrifugation at 28,000 × g for 30 min at 4°C and the supernatant 
was removed and considered the ruminally soluble fraction. In order to simulate abomasal 
conditions, rumen fluid pellets remaining from the ultracentrifugation step were resuspended 
with 3 mL of supernatant, using methods similar to those previously reported (Ward and Spears, 
1993). Samples were rinsed with 2 mL of 0.1 M HCl into a 15 mL conical tube, and 450 µL of a 
1M HCl and pepsin solution (0.6 mg pepsin/mL, Fisher Scientific, Fair Lawn, NJ) was added. 
Samples were adjusted to a pH of approximately 2.5 using 1 M HCl. Samples were incubated in 
an oscillating water bath (39°C) for one hour. Samples were then placed in an ice bath for 15 
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minutes, followed by centrifugation at 1,000 × g for 30 min at 4°C. The supernatant, containing 
the acid soluble fraction, was removed and considered the simulated abomasal soluble (acid 
soluble) fraction.  
Substrate from 2 in situ forage bags from each steer per period per time point were used 
for NDF analysis, and each bag was analyzed in duplicate.  Material left in the bags was 
carefully removed, sub-sampled, and 0.25 g placed in an ANKOM fiber analyzer bag (F57 fiber 
filter bags, ANKOM Technology Corp., Macedon, NY) and heat-sealed.  Total NDF 
concentration was determined using an ANKOM200 Fiber Analyzer (ANKOM Technology 
Corp., Macedon, NY), using the methods of VanSoest et al. (1991).  Alpha-amylase was used 
during analysis. The percent NDF disappearance at each time point was calculated as follows:  
 
Percent NDF disappearance at time t = [1 – (Yt /B)] × 100,  
 
where Y = NDF remaining at time t, and B = initial NDF content prior to incubation. 
Total mixed ration samples were taken daily, dried in a forced air oven at 70°C for 48 h 
for DM determination, ground through a 2 mm screen in a Wiley Mill (Thomas Scientific, 
Swedesboro, NJ) and composited by period for TM analysis. Feed refusals were weighed and 
sampled on the last 2 days of each experimental period, and samples were dried, ground, and 
composited in preparation for trace mineral analysis. Total analyzed diet TM, DMI, and residual 
feed TM content were used to calculate total daily TM consumption. 
All samples for TM analysis were digested using TM-grade nitric acid before TM 
analysis (CEMS MARSXpress, Matthews, NC) as described by Richter et al. (2012). Trace 
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mineral analysis was completed using inductively coupled optic emission spectroscopy as 
described by Pogge and Hansen (2013).  
 
Statistical analyses.  Data were analyzed as a 5 × 5 Latin square using the MIXED procedure of 
SAS (SAS Institute, Inc., Cary, NC). The model included the fixed effects of dietary treatment, 
period, and steer, and in the case of DM and NDF disappearance, hour was the repeated effect, 
and the subject for the repeated statement was steer nested within dietary treatment. Four a priori 
single degree of freedom contrasts were developed: CON vs. TM) comparing the CON treatment 
to TM-supplemented treatments, HTM vs. STM) comparing HTM-supplemented treatments to 
STM treatments, CON vs. STM) comparing the CON treatment to supplemental STM 
treatments, and CON vs. HTM) comparing the CON treatment to supplemental HTM treatments. 
Data were checked for normalcy and homogeneity of variance. Outliers were determined using 
Cook’s D statistic and if Cook’s D > 0.5 would have been removed, but no outliers were 
identified in this study. Data reported are least-squared means ± SEM. Significance was declared 
at P ≤ 0.05 and tendencies were declared from P = 0.06 to 0.10. 
 
Results 
 
There were no differences in DMI due to treatment (P ≥ 0.15; Table 2). Analyzed dietary 
TM concentrations were slightly less than formulated which may be due to sampling errors or 
other difficulties associated with adequate sampling of mineral supplements; however, there 
were no differences between STM and HTM (P > 0.30) for Cu, Mn or Zn diet TMR content, or 
daily TM intakes. As expected, due to experimental design, CON TM concentrations were lesser 
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than supplemental TM treatments (P < 0.0001), and low supplemental TM treatments (LSTM 
and LHTM) had numerically lesser TM concentrations than high supplemental TM treatments 
(HSTM and HHTM), although this was not statistically tested based on the contrasts utilized in 
this study. 
Trace mineral supplementation tended to have a negative impact on DM disappearance as 
assessed by repeated measures analysis (P = 0.06; Table 3). Steers fed the CON treatment had 
greater ruminal DM disappearance than STM supplemented treatments (P = 0.03), while there 
was no difference between CON and HTM supplemented treatments (P = 0.18). However, there 
was no difference between HTM and STM supplemented treatments (P = 0.32). There was no 
impact of TM source or concentration on NDF disappearance (P ≥ 0.20).  
Ruminal pH measured at 36 h post-insertion of bags was unaffected by dietary treatment 
(P ≥ 0.64), and averaged 6.4 ± 0.30 across treatments.  
Whole rumen fluid concentrations of both Cu and Zn were not different between HTM 
and STM sources (P ≤ 0.21; Table 4), and supplemental TM treatments had greater 
concentrations of Cu, Mn, and Zn (P < 0.0001) compared with CON. The solubility of TM from 
each dietary treatment was evaluated from rumen fluid samples taken at 36 h post-bag insertion, 
through ultracentrifugation. As expected, the concentration of ruminally soluble Cu from CON 
steers was lesser than TM supplemented treatments (P < 0.0001; Table 4), and STM (P < 
0.0001) and HTM treatments (P = 0.01).  Ruminally soluble Cu was lesser in HTM treatments 
than STM treatments (P < 0.0001). Similarly, CON had less ruminally soluble Mn than TM 
supplemented treatments, regardless of TM source (P ≥ 0.0005). Hydroxy-TM supplemented 
treatments had lesser ruminally soluble Mn than STM (P < 0.0001).  Ruminally soluble Zn 
concentrations were less in CON than TM supplemented treatments (P = 0.02). Hydroxy-TM 
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supplemented treatments had greater ruminally soluble Zn than STM (P = 0.01), mainly driven 
by a greater concentration in the HHTM treatment, which also drove the differences between 
CON and HTM treatments (P = 0.003). There was no difference in ruminally soluble Zn between 
CON and STM (P = 0.25).  Ruminally soluble TM as a percent of whole rumen fluid TM 
concentration was determined. For Cu there was no difference between CON and STM (P = 
0.68), but HTM were less soluble as a proportion of total Cu in the rumen fluid (P = 0.006). 
Ruminally soluble Mn as a percent of whole rumen fluid Mn tended to be lesser in CON than 
STM (P = 0.06), but was not different from HTM (P = 0.33), and HTM was not different from 
STM (P = 0.21). The CON was more soluble as a proportion of whole ruminal fluid Zn than 
supplemental TM treatments (P < 0.0001), and HTM were more soluble than STM (P = 0.04) 
relative to whole rumen fluid Zn content. 
Rumen fluid samples were subjected to digestion in simulated in vitro abomasal 
conditions, and the acid soluble TM concentrations were determined. Copper concentrations 
after simulated abomasal digestion were less than ruminally soluble Cu concentrations (Table 4); 
however, no treatment differences were noted (P ≥ 0.43). Acid soluble Mn concentrations were 
slightly numerically greater than ruminally soluble Mn concentrations. The CON treatment had 
lesser acid soluble Mn concentrations than TM supplemented treatments, regardless of source (P 
< 0.0001), and HTM remained less soluble then STM (P = 0.007). Acid soluble Zn 
concentrations were lesser in CON than TM supplemented treatments (P ≤ 0.0003).  The HTM 
treatments had greater acid soluble Zn than sulfate treatments (P = 0.03) mainly driven by the 
difference between HSTM and HHTM treatments.  
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Discussion 
 
Trace minerals are essential for proper health and growth of animals (Suttle, 2010) and 
are often supplemented to cattle, but interactions with other dietary factors, including sulfur and 
molybdenum, can prevent absorption by forming insoluble complexes (Spears, 2003). Trace 
minerals such as basic copper chloride that do not become soluble in the ruminal environment, 
but instead solubilize at a lesser pH (Spears et al., 2004), such as that found in the abomasum, 
may aid in the prevention of the formation of these complexes (Spears, 2003). Although a survey 
of common trace mineral supplementation practices in the dairy industry has not been completed, 
they are likely to be similar to practices in the beef industry, where trace minerals are often 
supplemented at concentrations greater than NRC (2000) recommendations (Vasconcelos and 
Galyean, 2007). Although there may be situations where additional TM are required, the impacts 
on ruminal metabolism are not well understood. 
In the present study overall DM disappearance was negatively impacted by TM 
supplementation when compared with cattle not receiving supplemental Cu, Mn, or Zn; however, 
individual comparisons revealed that DM disappearance was decreased by the supplementation 
of STM, but not HTM. It appears that STM negatively impact DM disappearance while HTM do 
not significantly interfere with DM disappearance. Previous research has demonstrated that 
supplemental ZnCl2 tends to decrease in situ DM digestibility, but only in excessive 
concentrations (470 mg Zn/kg DM; Arelovich et al., 2000) and further research concluded that 
430 mg Zn/kg diet DM from ZnCl2 did not impact alfalfa hay or barley grain degradability 
(Arelovich et al., 2008). Furthermore, supplementing 12.22 mg Cu/kg diet DM from CuSO4 to 
heifers actually improved DM disappearance rate and digestibility of alfalfa hay and corn-cobs 
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(Lopez-Guisa and Satter, 1992). However, it appears that when Cu, Mn, and Zn are fed together 
from sulfate sources, the extent of DM disappearance may decline. In situations where DM 
digestion and subsequent passage rate are especially critical, such as in a high-producing dairy 
cow, supplementation of TM in the metal-hydroxy form may prevent negative influences of high 
concentrations of TM on feed intake and digestibility of diets.   
Previous research suggests that differences in DM disappearance due to TM 
supplementation may be caused by a decrease in fiber digestion. Bonhomme et al. (1979) found 
that 10 µg Zn/mL decreased in vitro cellulose digestion (calculated by the authors to be 
approximately 400 mg Zn/kg diet DM), but others have found greater concentrations are required 
for an inhibitory effect (50 µg Zn/mL; Eryavuz and Dehority, 2009). The authors suggested that 
excessive Zn might inhibit bacterial attachment to cellulose by binding to the surface of bacteria, 
decreasing cellulose hydrolysis (Eryavuz and Dehority, 2009). However, no impact of 
supplemental TM on NDF digestion was apparent in the present study, suggesting that digestion 
of other nutrients may be impacted by TM supplementation, although the impact on cellulose 
specifically was undetermined. Arthington (2005) reported that Cu oxide wire boluses placed 
inside the rumen decreased NDF and CP digestibility, but not OM digestibility, identifying 
differences in CP as a potential cause of decreased DM digestion. Additionally, supplemental Zn 
may decrease bacterial protease activity, decreasing dietary protein digestion (Eryavuz and 
Dehority, 2009). However, CP disappearance was not measured in this study.  
Based on the chemistry of the HTM sources we hypothesized that Cu, Mn, and Zn from 
these sources would be less soluble than STM in the higher pH of the rumen and this was found 
to be true for Cu and Mn but not Zn.  Spears and others (2004) found that basic copper chloride 
was insoluble in water, but after incubation in 0.1% HCl, basic copper chloride was much more 
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soluble. Similarly, Spears (2003) suggested that Cu from basic copper chloride is less soluble at 
the pH found in the rumen, although other research in cattle is lacking. In this study, once 
exposed to conditions similar to those found in the abomasum, there was no difference in the 
solubility of TM sources. These results indicate that Cu from HTM will be less soluble in the 
rumen and less available to form interactions with Mo, S and fiber, but will act similarly to STM 
in the abomasum. The samples analyzed in this study were frozen prior to ultra-centrifugation 
and separation of the soluble and insoluble fraction, It is possible that freezing may influence the 
distribution of minerals, through potential lysing of cells and mineral release. However, all 
samples were treated in the same manner throughout the study, allowing for appropriate 
comparison within the study. 
Acid soluble Cu concentrations were less than ruminally soluble concentrations, 
regardless of treatment, which though unexpected, is similar to previous research (Ward and 
Spears, 1993). Those authors hypothesized that Cu could be bound to denatured microbial 
protein, or present in another form that is insoluble in low pH, such as CuS (Ward and Spears, 
1993). Additionally as dietary protein increases, soluble Cu decreases in the absomasum (Ivan 
and Veira, 1981), and approximately 55% of Cu found in the abomasum of sheep is found 
associated with microbial matter, limiting solubility (Bremner, 1970). This may be relevant to 
the present study, as the diet was formulated for a lactating dairy cow, and therefore had high 
dietary CP (17.5% CP).  
While others have reported that ruminally soluble Mn concentrations are lesser than those 
found in the abomasum (Bremner, 1970; Kabaija and Smith, 1988), concentrations appeared 
similar between acid and ruminally soluble Mn concentrations in the present study, although this 
was not tested statistically, with the contrasts utilized in this study.  Ruminally soluble 
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concentrations of Mn from HTM steers were lesser than STM, suggesting that HTM are less 
available in the rumen and increasing dietary Mn concentration increased acid soluble Mn, and 
HTM remained less acid soluble than STM.  This difference may be explained by the fact that 
whole ruminal fluid Mn was numerically lesser in the HHTM than the HSTM, as there may have 
been less Mn in the whole rumen fluid available to become soluble under simulated abomasal 
conditions. Unlike Cu, very little is known about how Mn may be affected under ruminal 
conditions, but it seems that Mn has similar solubility characteristics to Cu based on the results 
from this study and could prevent currently unknown ruminal interactions, and still remain 
available for absorption. Beef steers fed diets containing excessive S (0.68% S) had negative Mn 
retention (Pogge et al., 2014), suggesting that sulfide may reduce Mn status, potentially through 
ruminal formation of an insoluble Mn-S complex. 
Contrary to our hypothesis ruminally soluble Zn concentrations were greater in HTM 
treatments, due to greater concentrations in the HHTM treatment. Others have observed similarly 
unexpected shifts in ruminally soluble Zn. Kennedy et al. (1993) demonstrated that a 
polysaccharide bound Zn was initially very soluble in the rumen through 2 h post Zn dosing, but 
was not different from ZnO from 3 to 8 h post-dosing. Interestingly, from 3 to 8 h post Zn 
dosing, polysaccharide Zn was greater in the particle associated fraction, suggesting that Zn from 
a soluble source may be released initially, but may then become bound to particulate or microbial 
matter, potentially interfering with microbial digestion. In the present study if ZnSO4 was indeed 
more soluble than HTM Zn than it may be quickly binding to fiber in the rumen and thus be 
captured in the non-soluble fraction, which could explain the lesser ruminal soluble Zn found in 
HSTM relative to HHTM. However, as soluble Zn as a percent of whole ruminal Zn 
concentration was also greater in HTM, this may not be the case and further work is necessary to 
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clarify the availability of Zn from HTM sources in cattle diets. Zinc bound to particulate matter 
and preventing microbial attachment and digestion (Eryavuz and Dehority, 2009) may have 
caused the lesser DM disappearance due to STM sources. Acid soluble Zn remained greater in 
the HTM sources relative to STM, driven mainly by the difference between HSTM and HHTM, 
suggesting that perhaps more Zn would be available to the absorptive enterocytes of the small 
intestine.  
The rumen presents a unique challenge to the absorption of TM, as the formation of 
insoluble complexes can decrease the later availability of certain TM. Sulfide, generated from 
reduction of sulfate in the rumen (Drewnoski et al., 2014), can combine with dietary Mo to form 
thiomolybdates and complex with Cu bind directly to Cu to form insoluble Cu sulfide (Suttle, 
1991). Beef cattle fed diets containing excessive dietary S (0.68% S) have lesser absorption and 
retention of Cu, Mn and Zn (Pogge et al., 2014). However, Cu must be in a soluble form, and not 
bound to particulate matter, in order to be available for interaction with Mo and S (Suttle, 1991). 
This is an opportunity to use less ruminally soluble TM, especially in diets that contain high 
concentrations of S and Mo which can be typical in both beef and dairy cattle diets, to prevent 
undesirable interactions and provide ruminants with Cu available for absorption. The HTM seem 
an ideal source, especially given the clear differences in ruminal solubility between sources 
found in this study. Differences in ruminal and abomasal solubility may not affect overall 
bioavailability of the TM source; however, this has not been investigated thoroughly. 
Overall, DM disappearance was negatively impacted by trace mineral supplementation, but 
this trend was driven by the sulfate bound TM, as HTM had no significant impact on DM 
disappearance. There was no difference in NDF disappearance by treatment, suggesting that TM 
supplementation may be impacting digestion of another nutrient such as starch or crude protein. 
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Finally, both Cu and Mn from HTM sources appear to be relatively ruminally insoluble when 
compared with STM. Under simulated abomasal conditions, Cu HTM are equally as soluble as 
STM, and may be able to prevent insoluble complex formation within the rumen, and yet remain 
available for absorption in the small intestine. Manganese from HTM remained less acid soluble 
than STM. Overall, Zn from HTM was more soluble than STM under both ruminal and 
simulated abomasal conditions; however, further work is necessary to define the interaction 
between Zn and particulate matter within the rumen.  
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Table 1. Diet composition 
Ingredient % of diet DM 
Corn silage 41.0 
Grass hay 19.0 
Soybean meal 14.0 
Dried distillers grains with solubles 15.0 
Dry rolled corn 8.5 
Limestone 1.60 
Vitamin A premix1 0.15 
Salt 0.70 
Trace mineral premix2 0.05 
Treatment premix3 0.03 
Calculated composition  
CP4 17.5 
NDF4 32.7 
S5 0.25 
1Vitamin A premix contained 4,400,000 IU vitamin A/kg. 
2Provided per kg of diet for all treatments: 0.11 mg Co (CoCO3), 0.53 mg I (Ca(IO3)2), 0.3 mg Se 
(Na2SeO3). 
3Provided per kg of diet for individual treatments: Control) no supplemental Cu, Mn or Zn; Low 
sulfate) 5 mg Cu (CuSO4), 15 mg Mn (MnSO4), and 30 mg Zn (ZnSO4); Low hydroxy trace 
mineral) 5 mg Cu (basic Cu chloride, 15 mg Mn (Mn hydroxychloride), and 30 mg Zn (Zn 
hydroxychloride); High sulfate) 25 mg Cu (CuSO4), 60 mg Mn (MnSO4), and 120 mg Zn 
(ZnSO4); and High hydroxy-trace mineral) 25 mg Cu (basic Cu chloride), 60 mg Mn (Mn 
hydroxychloride), and 120 mg Zn (Zn hydroxychloride). 
4Calculated based on individual ingredient analysis from Dairyland laboratories (Arcadia, WI) 
5Calculated based on ingredient values from NRC (2000), except for dried distillers grains with 
solubles, which was analyzed for S by Dairyland laboratories (Arcadia, WI). 
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Table 2. Dry matter intake, dietary trace mineral (TM) concentrations and daily TM intakes of cattle consuming diets with no 
supplemental TM, or sulfate TM (STM) or hydroxy-TM (HTM) sources 
1Dietary treatments: Control) no supplemental Cu, Mn or Zn (CON); Low sulfate) 5 mg Cu/kg DM from CuSO4, 15 mg Mn/kg DM 
from MnSO4, and 30 mg Zn/kg DM from ZnSO4 (LSTM); Low HTM): 5 mg Cu/kg DM from basic copper chloride, 15 mg Mn/kg 
DM from manganese hydroxychloride, and 30 mg Zn/kg DM from zinc hydroxychloride (LHTM); High sulfate) 25 mg Cu/kg DM 
from CuSO4, 60 mg Mn/kg DM from MnSO4, and 120 mg Zn/kg DM from ZnSO4 (HSTM); and High HTM) 25 mg Cu/kg DM from 
basic copper chloride, 60 mg Mn/kg DM from manganese hydroxychloride, and 120 mg Zn/kg DM from zinc hydroxychloride 
(HHTM). 
2Contrasts: CON vs. TM: CON vs. LSTM, LHTM, HSTM, and HHTM; HTM vs. STM: LHTM and HHTM vs. LSTM and HSTM; 
CON vs. STM: CON vs. LSTM and HSTM; and CON vs. HTM: CON vs. LHTM and HHTM. 
3Based on repeated measures; Day: P ≥ 0.30; Treatment × Day: P ≥ 0.94. 
 
 Treatments1  Contrast P-value2 
 CON LSTM LHTM HSTM HHTM SEM CON 
vs. TM 
HTM 
vs. 
STM 
CON 
vs. 
STM 
CON vs. 
HTM 
DMI3, kg/d   13.2   13.4   13.0     13.3   13.1 1.44   0.99 0.15   0.55   0.56 
Analyzed diet TM 
concentration, mg/kg 
          
Cu     7.4     9.4     9.3     18.1   18.0 1.79   0.004 0.96   0.007   0.007 
Mn   30.8   38.4   42.2     68.6   63.0 3.30 <0.001 0.79 <0.001 <0.001 
Zn   32.1   43.6   43.4     91.2   96.8 5.07 <0.001 0.60 <0.001 <0.001 
TM intake3, mg/d           
Cu   94.7 130.0 121.7   229.1   233.9 21.01 <0.001 0.67 <0.001 <0.001 
Mn 408.4 517.8 553.9   881.6   825.9 68.10 <0.001 0.47 <0.001 <0.001 
Zn 426.5 584.2 555.7 1195.9 1262.8 92.38 <0.001 0.33 <0.001 <0.001 
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Table 3.  Effect of trace mineral (TM) source and concentration on dry matter and neutral detergent fiber disappearance in cattle 
consuming diets with no supplemental TM, or sulfate TM (STM) or hydroxy-TM (HTM) sources 
 
1Dietary treatments: Control) no supplemental Cu, Mn or Zn (CON); Low sulfate) 5 mg Cu/kg DM from CuSO4, 15 mg Mn/kg DM 
from MnSO4, and 30 mg Zn/kg DM from ZnSO4 (LSTM); Low HTM): 5 mg Cu/kg DM from basic copper chloride, 15 mg Mn/kg 
DM from manganese hydroxychloride, and 30 mg Zn/kg DM from zinc hydroxychloride (LHTM); High sulfate) 25 mg Cu/kg DM 
from CuSO4, 60 mg Mn/kg DM from MnSO4, and 120 mg Zn/kg DM from ZnSO4 (HSTM); and High HTM) 25 mg Cu/kg DM from 
basic copper chloride, 60 mg Mn/kg DM from manganese hydroxychloride, and 120 mg Zn/kg DM from zinc hydroxychloride 
(HHTM). 
2Contrasts: CON vs. TM: CON vs. LSTM, LHTM, HSTM, and HHTM; HTM vs. STM: LHTM and HHTM vs. LSTM and HSTM; 
CON vs. STM: CON vs. LSTM and HSTM; and CON vs. HTM: CON vs. LHTM and HHTM. 
3Based on repeated measures. Hour: P < 0.0001; Treatment × Hour: P ≥ 0.96. 
 
 Treatments1  Contrast P-value2 
 CON LSTM LHTM HSTM HHTM SEM CON 
vs. TM 
HTM 
vs. 
STM 
CON 
vs. 
STM 
CON 
vs. 
HTM 
Overall DM 
disappearance3, % 
65.6 64.0 64.5 63.5 64.4 1.41 0.06 0.32 0.03 0.18 
6 h 52.6 52.8 51.9 51.9 52.1 1.12 0.73 0.76 0.85 0.66 
12 h 61.3 59.1 60.7 57.7 59.3 1.54 0.24 0.32 0.15 0.49 
24 h 71.8 68.8 70.0 70.3 70.8 1.35 0.26 0.55 0.21 0.42 
36 h 76.7 75.3 75.6 74.1 75.3 1.24 0.26 0.56 0.21 0.42 
           
Overall NDF 
disappearance3, % 
39.1 37.6 37.7 37.1 36.6 1.25 0.20 0.90 0.26 0.22 
6 h 20.7 21.2 20.8 22.7 20.7 1.61 0.79 0.72 0.70 0.92 
12 h 32.6 31.6 32.7 27.6 28.2 2.18 0.32 0.72 0.29 0.44 
24 h 47.7 42.7 43.7 44.7 44.4 3.22 0.31 0.91 0.33 0.37 
36 h 55.2 54.7 53.7 54.2 52.9 3.85 0.76 0.76 0.87 0.68 
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Table 4. Effect of trace mineral (TM) concentration and source on ruminal fluid TM concentrations and ruminal and simulated 
abomasal solubilities in cattle consuming diets with no supplemental TM, or sulfate TM (STM) or hydroxy-TM (HTM) sources 
 1Dietary treatments: Control) no supplemental Cu, Mn or Zn (CON); Low sulfate) 5 mg Cu/kg DM from CuSO4, 15 mg Mn/kg DM 
from MnSO4, and 30 mg Zn/kg DM from ZnSO4 (LSTM); Low HTM): 5 mg Cu/kg DM from basic copper chloride, 15 mg Mn/kg 
DM from manganese hydroxychloride, and 30 mg Zn/kg DM from zinc hydroxychloride (LHTM); High sulfate) 25 mg Cu/kg DM 
from CuSO4, 60 mg Mn/kg DM from MnSO4, and 120 mg Zn/kg DM from ZnSO4 (HSTM); and High HTM) 25 mg Cu/kg DM from 
basic copper chloride, 60 mg Mn/kg DM from manganese hydroxychloride, and 120 mg Zn/kg DM from zinc hydroxychloride 
(HHTM). 
2Contrasts: CON vs. TM: CON vs. LSTM, LHTM, HSTM, and HHTM; HTM vs. STM: LHTM and HHTM vs. LSTM and HSTM; 
CON vs. STM: CON vs. LSTM and HSTM; and CON vs. HTM: CON vs. LHTM and HHTM. 
 Treatment1   Contrast P-value2 
 CON LSTM LHTM HSTM HHTM SEM CON 
vs. TM 
HTM 
vs. 
STM 
CON 
vs. 
STM 
CON 
vs. 
HTM 
Whole ruminal fluid, 
mg/L 
          
Cu   0.70   1.13   1.06   2.23   1.99 0.147 <0.001    0.24 <0.001 <0.001 
Mn   2.93   4.53   4.24   8.31   7.15 0.457 <0.001    0.02 <0.001 <0.001 
Zn   2.95   5.65   5.00 10.00   8.99 0.798 <0.001    0.21 <0.001 <0.001 
Ruminal soluble mineral3, 
mg/L 
          
Cu   0.11   0.19   0.14   0.30   0.18 0.015 <0.001 <0.001 <0.001 0.01 
Mn   1.52   2.75   1.80   5.47   4.52 0.178 <0.001 <0.001 <0.001 <0.001 
Zn   0.52   0.57   0.67   0.68   1.02 0.072 0.02 0.01 0.25 0.003 
Ruminal soluble4, % of 
whole rumen fluid 
          
Cu 16.1 17.1 14.9 14.0   9.1 1.40 0.07 0.005 0.68 0.01 
Mn 52.8 61.8 49.8 64.5 65.9 4.81 0.12 0.21 0.06 0.33 
Zn 18.7 12.0 13.9   7.2 11.4 1.45 0.003 0.04 <0.001 0.003 
Acid soluble5, mg/L           
Cu   0.06   0.06   0.05   0.08   0.08 0.012 0.43 0.89 0.45 0.50 
Mn   1.88   3.16   2.86   5.91   4.80 0.203 <0.001 0.007 <0.001 <0.001 
Zn   2.85   3.80   3.88   6.26   7.86 0.323 <0.001 0.03 <0.001 <0.001 
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3Rumen soluble mineral was the mineral present in the supernatant fraction after whole rumen fluid ultracentrifugation. 
4Ruminal soluble mineral as a percent of whole ruminal mineral was determined by calculating the total amount of soluble mineral in 
each sample after ultracentrifugation and dividing that number by the calculated amount of mineral in each sample prior to 
ultracentrifugation. 
5Acid soluble mineral was the mineral present in the supernatant fraction after ruminal fluid was subjected to acid digestion to 
simulate abomasal conditions.  
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CHAPTER 4. 
 
A MULTI-ELEMENT TRACE MINERAL INJECTION IMPROVES LIVER COPPER 
AND SELENIUM CONCENTRATIONS AND MANGANESE SUPEROXIDE 
DISMUTASE ACTIVITY IN BEEF STEERS 
 
The Journal of Animal Science, 92:695-704 (2014) 
 
O. N. Genther and S. L. Hansen 
 
ABSTRACT: Trace minerals (TM) are vital to health and growth of livestock, but low dietary 
concentrations and dietary antagonists may reduce mineral status and feeder cattle TM status is 
usually unknown at arrival. The objective of this study was to examine the effect of TM status on 
response to mineral injection in beef cattle. Forty steers were equally assigned to diets for an 84 
d depletion period: Control (CON): supplemental Cu, Mn, Se and Zn, or Deficient (DEF): no 
supplemental Cu, Mn, Se or Zn, plus Fe and Mo as TM antagonists. Lesser liver Cu and Se 
concentrations  (79.0 ± 11.60 mg/kg DM and 1.66 ± 0.080 mg/kg DM, respectively) in DEF 
steers compared with CON steers (228.8 ± 11.60 mg/kg DM and 2.41 ± 0.080 mg/kg DM, 
respectively) on d 71 of depletion indicated mild deficiencies of these TM (P < 0.001). On d 1 of 
the 85 d repletion period 10 steers within each dietary treatment were injected with sterilized 
saline (SAL) or Multimin®90 (MM; containing 15, 10, 5 and 60 mg/mL of Cu, Mn, Se, and Zn 
respectively) at a dose of 1 mL/68 kg BW. All steers were fed the same repletion diet 
supplemented with Cu, Mn, Se and Zn to meet or exceed NRC recommendations. Blood was 
collected on d 0, 1, and blood and liver biopsies were collected on d 8, 15, 29, 57, and 85 post-
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injection. Red blood cell lysate Mn-superoxide dismutase activity was greater in MM (P = 0.02), 
suggesting incorporation of injectable TM into a biological process. The increase in liver Se in 
response to MM was greater in CON vs. DEF (P = 0.02), suggesting TM from injection were 
utilized rather than stored in DEF steers. Liver Se and Cu (P < 0.05) were elevated through at 
least d 30 by MM. Dietary TM deficiency decreased neutrophil bacteria killing ability and 
increased myeloperoxidase (MPO) degranulation (P < 0.04) as measured on d 0, 1, 13, and 14 
during the repletion period, while injection had no impact. Within CON animals, total MPO was 
greater in animals that received TM injection, but injection did not affect MPO within DEF 
steers (P = 0.007).  Overall, TM from an injectable mineral were utilized differently between TM 
adequate and mildly deficient steers. 
 
Keywords: feedlot cattle, injectable mineral, shipping, trace minerals, mineral status 
 
Introduction 
Trace minerals (TM) are vital for the health and growth of livestock, supporting multiple 
biochemical processes in the body (Underwood and Suttle, 1999). Trace minerals are commonly 
supplemented in the diet of domestic livestock; however, variability in soil and plants may lead 
to low ingredient TM concentrations and bioavailability (Smart et al., 1981). Additionally, 
dietary antagonists and formation of insoluble complexes (Spears, 1996) may decrease 
absorption and contribute to poor TM status in ruminants. Cattle with poor TM status have 
decreased growth performance (Spears and Kegley, 2002) and decreased efficiency of growth 
(Malcolm-Callis et al., 2000; Salyer et al., 2004), while Cu and Se deficiency specifically may 
impair neutrophil function and antioxidant enzyme activity (Boyne and Arthur, 1981; Ward and 
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Spears, 1997). Rarely is the TM status of cattle arriving at a feedlot known, so preventative 
measures to manage risk associated with poor TM status may be beneficial. Supplemental TM 
delivered through injection bypass the gastrointestinal tract and dietary antagonists, and have 
been shown to improve liver Cu and Se concentrations through at least 15 d post-injection 
(Pogge et al., 2012) and health and performance in beef cattle (Richeson and Kegley, 2011). 
However, the impact of TM injection on the overall TM status and biomarkers of TM in 
deficient animals compared with adequate animals has not been evaluated. The objective of this 
study was to examine the effect of TM status (adequate or mildly deficient) on the response to 
TM injection of beef feedlot steers. 
 
Materials and Methods 
All procedures and protocols were approved by the Iowa State University Institutional Animal 
Care and Use Committee (Log number: 3-11-7099-B). 
 
Depletion period. This experiment was conducted at the Iowa State University Beef Nutrition 
Research Center in Ames, Iowa. Forty yearling Angus crossbred steers were purchased from a 
sale-barn in Iowa and were stratified by initial body weight (309 ± 14 kg) and assigned randomly 
to one of two treatments (n = 20 per treatment). Treatments included: control (CON): a corn 
silage-based diet supplemented with 10 mg Cu/kg diet DM, 20 mg Mn/kg DM, 0.1 mg Se/kg 
DM and 30 mg Zn/kg DM, or deficient (DEF): a corn silage-based diet not supplemented with 
Cu, Mn, Se or Zn, but supplemented with 300 mg Fe/kg DM and 5 mg Mo/kg DM as dietary TM 
antagonists for 89 d. Dietary composition can be found in Table 1. Steers were housed in pens of 
6 or 7 head by dietary treatment and had ad libitum access to water and feed, and were fed once 
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daily at approximately 0800 CST. Steer feed intake was recorded daily on an individual basis 
using the Iowa State University Beef Nutrition Farm’s feed intake management system. Liver 
biopsy samples were taken on d 71 of the depletion period to establish TM status prior to 
shipping and start of the repletion period using the method reported by Engle and Spears (2000). 
Fifty-milliliter jugular blood samples were collected on d 69 and 70 from all steers prior to 
feeding; each into syringes containing acid citrate dextrose as an anticoagulant for evaluation of 
neutrophil function prior to shipping. Steers were weighed on d 83 and 84 at the end of the 
depletion period, and were maintained on the same dietary treatments until d 91.  
 
Shipping period. Steers were loaded onto a tractor-trailer on d 88 (1030 CST), and shipped for 
20 h to simulate shipping, a common stressor in the beef cattle industry, and to evaluate the 
effect of dietary TM deficiency on shipping response. Each steer had 1.10 m2 of space in the 
trailer. Steers were received back at the Beef Nutrition Research Center on d 89 (0630 CST) into 
the same pens and were allowed to rest for 24 h with ad libitum access to feed and water. 
 
Repletion period. Steers were weighed on d 90 and 91, and on d 91 steers were blocked by liver 
mineral status within depletion period diet and randomly assigned to receive an injection of 
sterilized saline (SAL) or Multimin®90 (MM; Multimin USA, Fort Collins, CO) at a dose of 1 
mL/68 kg BW, resulting in 10 steers per treatment group. The Multimin®90 injection provided 
15 mg Cu/mL (as Cu disodium EDTA), 10 mg Mn/mL (as Mn disodium EDTA), 5 mg Se/mL 
(as sodium selenite) and 60 mg Zn/mL (as Zn disodium EDTA). On days 90 and 91, 50 mL 
jugular blood samples from all steers were collected into syringes containing acid citrate 
dextrose as an anticoagulant for evaluation of neutrophil function after shipping and again on d 
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13 and 14 for evaluation of the effect of injection on neutrophil function. Jugular blood samples 
were collected into vacuum tubes designed for TM analysis (potassium EDTA, Becton 
Dickenson, Rutherford, NJ) immediately prior to injection (time 0) and on d 1 (24 h post 
injection), and both blood and liver biopsy samples were taken on d 8, 15, 29, 57, and 85 post-
injection. Steers were fed a common finishing diet supplemented with 10 mg Cu, 20 mg Mn, 0.1 
mg Se, and 30 mg Zn/kg dietary DM for the 85 d repletion period (Table 1).  
 
Tissue Analysis. Blood and liver samples were transported on ice back to the laboratory and 
blood samples were centrifuged at 1,200 × g for 10 min at 4°C. Plasma was removed and stored 
at -80°C until analysis. Liver samples were dried in a forced air oven at 70°C and digested using 
trace metal grade nitric acid prior to mineral analysis (CEMS MARSXpress, Matthews, NC) as 
described by Richter et al. (2012). Liver and plasma analysis for Cu, Mn, Se and Zn was 
determined using inductively coupled plasma mass spectroscopy (PerkinElmer, Waltham, MA) 
as previously described (Pogge et al., 2012). Red blood cell lysate (RBCL) was prepared from 
packed red blood cells using the method from Pogge et al. (2012), and stored at -80°C until 
analysis. Red blood cell lysate glutathione peroxidase (GPx) activity and RBCL Mn-superoxide 
dismutase (SOD) activity were analyzed using commercial kits (Cayman Chemical, Ann Arbor, 
MI, Catalog numbers: 706002, 709001, respectively). One unit of GPx activity is defined as the 
amount of enzyme that will cause the oxidation of 1.0 nmol of NADPH to NADP+ per minute at 
25°C. One unit of Mn-SOD activity is defined as the amount of enzyme needed to exhibit 50% 
dismutation of the superoxide radical. Hemoglobin (Hb) concentration of the RBCL was 
determined as described by Hansen et al. (2010) and Mn-SOD and GPx activities were expressed 
per unit of Hb. 
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Neutrophil isolation and function. Isolation of polymorphonuclear leukocytes (PMN) and 
preparations of PMN suspensions for use in the assays was completed using the method of Roth 
and Kaeberle (Roth and Kaeberle, 1981) and all cell preparations were standardized to 5.0 × 107 
cells/mL. All PMN function assays were conducted in 96-well flat bottom plates. Extracellularly 
released myeloperoxidase (MPO) following stimulation was expressed as a percentage of total 
MPO content inside unstimulated PMN using the method of Palic et al. (2005). Total MPO 
content was determined by lysing PMNs in one cell preparation with cetyltrimethylammonium 
bromide solution (0.02% in water) and measuring optical density (OD). The percentage of MPO 
released from PMN was determined for each calf using the following formula:  % exocytosis = 
[OD of stimulated (or Hanks balanced salt solution treated) PMN]/(OD of lysed PMN) × 100. 
Cytochrome C reduction (Roth et al., 2001) was used to detect extracellular superoxide anion. 
Neutrophil bacteria killing was evaluated using one of the most common bovine respiratory 
disease syndrome causing bacteria, Pasteurella multocida (P. multocida) isolated at Iowa State 
University. Viable bacterial numbers were determined by the degree of converting 2,3-bis (2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) to 
water-soluble formazan as previously described with modifications (Stevens and Olsen, 1993; 
Tunney et al., 2004). Optical density was determined using a plate reader at two wavelengths 
(OD = V1-V2; V1=450 and V2 = 650 nm). The OD generated by live bacteria was determined 
by subtracting mean OD of background wells from mean OD of test wells of each sample. The 
number of viable bacteria remaining was calculated based on a standard curve obtained from the 
OD of standard bacterial wells. 
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Statistical Analysis. Initial liver TM concentration from the depletion period was analyzed using 
the MIXED procedure of SAS 9.2 (SAS Institute Inc, Cary, NC), as a randomized complete 
block design including the fixed effect of treatment (CON and DEF), and the random effect of 
steer. As steers were individually fed in this trial steer was the experimental unit (n = 20 per 
diet). Blood and liver TM concentrations, and blood biomarkers from the repletion period were 
analyzed as repeated measures using the MIXED procedure of SAS as a 2 × 2 factorial including 
the fixed effects of previous diet (CON or DEF) and injection (SAL or MM) and the random 
effect of steer. Steer was the experimental unit (n = 10 per diet x injection treatment). Pre-
injection mineral concentrations and biomarker values were used as covariates in analyses using 
the AR(1) covariance structure, selected based on lowest AICc (Akaike information criterion). 
Neutrophil function data from pre-injection sampling time points were analyzed as repeated 
measures, pre-shipping and post-shipping. Data were checked for normalcy and homogeneity of 
variance and transformed when necessary, but only back-transformed data are reported. Outliers 
were determined using Cook’s D statistic and removed. Data reported are least-squared means ± 
SEM. Significance was declared at P ≤ 0.05 and tendencies were declared from P = 0.06 to 0.10. 
 
Results 
Depletion period liver trace mineral concentrations. Raw liver Cu and Se concentrations in 
DEF steers (79.0 ± 11.60 mg/kg DM and 1.66 ± 0.080 mg/kg DM, respectively) were lesser than 
CON steers (228.8 ± 11.60 mg/kg DM and 2.41 ± 0.080 mg/kg DM, respectively) after 71 d on 
the depletion diets (P < 0.001). Raw liver Cu concentrations among DEF cattle ranged from 24 
to 335 mg/kg, suggesting that Cu status varied widely among these steers in response to a Mo-
supplemented diet. Liver Mn tended to be greater (P = 0.08) in CON steers (9.37 ± 0.261 mg/kg 
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DM) than DEF steers (8.71 ± 0.261 mg/kg DM). There were no differences initially between 
dietary treatments in liver Zn (P > 0.10). 
 
Repletion period plasma and red blood cell lysate trace mineral concentrations and enzyme 
activities. There was an initial increase in plasma Mn concentrations in response to the injection 
on d 1 (P < 0.01; Fig. 1), and concentrations returned to baseline by d 8. Plasma Se 
concentrations were elevated in MM steers on d 1 and remained elevated through d 15 post-
injection (P < 0.01; Fig. 1). Both plasma Cu and Zn concentrations were variable throughout the 
entire experimental period, with no consistent trends (Table 2); but there were diet × day and 
injection × day interactions (P < 0.05) for plasma Zn, driven by differences on d 1, where DEF 
steers had greater plasma Zn concentrations than CON, and SAL steers had greater plasma Zn 
than MM steers, mainly driven by the low Zn concentration in DEF + MM steers (Fig. 2) Plasma 
Zn individual pair-wise comparisons between treatments on all other days were non-significant 
(P > 0.20). There was no effect of diet or injection on RBCL GPx (P > 0.20; Table 2). 
Manganese-SOD activity, measured in RBCL over the repletion period, was greater in steers 
treated with MM compared with steers receiving saline (P = 0.02; Fig. 3). 
 
Repletion period liver trace mineral concentration. Steers receiving MM had greater liver Cu 
and Se concentrations than SAL steers through at least d 29 (P < 0.05; Fig. 4). There was an 
interaction between diet and injection for liver Cu, where the magnitude of the increase in Cu in 
response to injection was greater in CON vs. DEF (P = 0.02; Fig. 4) steers. Liver Zn 
concentrations were greatest in DEF animals throughout the 90 d repletion period (P < 0. 01; 
Table 3), but TM injection had no effect on liver Zn (P > 0.20). For liver Cu, Mn, and Se there 
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was a significant diet by day interaction, where DEF steers, regardless of injection treatment, had 
higher liver Cu, Mn, and Se concentrations than CON animals on d 57 and 85 (P < 0. 01; Fig. 4).  
 
Neutrophil function. Cytochrome C reduction was greater in DEF animals than CON animals 
prior to shipping, (P < 0.001) but was not different after shipping (P > 0.20; Table 4). Total 
MPO followed the opposite trend where CON animals were greater (P = 0.02) prior to shipping, 
but not different from the DEF animals after shipping (P = 0.36). Myeloperoxidase degranulation 
tended to be greater in DEF (P = 0.10), but bacteria killing ability was not different when 
compared with CON animals (P > 0.20; Table 4). 
 Thirteen days post-injection, cytochrome C reduction and bacteria killing were higher in 
neutrophils isolated from CON steers (P < 0.04; Table 2) compared with DEF steers, while 
neutrophil function was not impacted by injection. Steers previously on the DEF diet had greater 
degranulation than CON animals (P = 0.03; Table 2). There was an interaction between diet and 
injection in MPO concentrations (P = 0.007) where within CON animals, total MPO was greater 
in animals that received TM injection, but injection did not affect MPO within DEF steers (Table 
2).  
 
Discussion 
The objective of this study was to determine the effect of steer TM status (adequate or mildly 
deficient) on the response of plasma and tissue mineral concentrations and TM biomarkers to a 
multi-element TM injection. While the focus of this manuscript is TM status, performance of 
these cattle throughout the study was evaluated and is reported elsewhere (Genther and Hansen, 
2012). After 71 d consuming a diet containing 5 mg Mo and 300 mg Fe/kg DM and no 
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supplemental Cu, DEF steers in this experiment had lower initial liver Cu than CON steers. The 
liver Cu concentration in DEF steers (79.0 ± 11.60 mg Cu/kg DM) would be classified as 
marginally deficient according to Kincaid (2000). Mills (1987) suggests that cattle with liver Cu 
concentrations between 100 and 150 mg/kg DM have adequate Cu status, and deficiency is 
reached once liver Cu concentrations fall below 30 mg/kg DM. In the present study raw liver Cu 
concentrations ranged from 24 to 335 mg/kg DM indicating that Cu status varied widely among 
steers.  
Kincaid (2000) suggests that an animal with liver Se concentrations between 0.6 and 1.25 
mg/kg DM would be classified as marginally deficient. Animals on the DEF diet did have lower 
liver Se concentrations than CON animals prior to injection, although the concentrations would 
not be considered deficient. Similarly, in cows fed no supplemental Se for approximately 2 
months, liver Se concentrations were lesser than cows supplemented with Se (Gunter et al., 
2003), but were not within the deficient range as defined by Kincaid (2000). Feeding Fe and Mo 
as dietary antagonists sharply decreases liver Cu in beef heifers (Bailey et al., 2001) further 
demonstrating the antagonistic affect that Fe and Mo have on body Cu stores. Copper can form 
insoluble complexes with Mo and S, and interact with Fe (Spears, 1996), minerals that are 
commonly found in feedlot diets at various concentrations. A limitation of our study is the 
unknown potential impact of the initial supplementation of Fe and Mo to the DEF steers during 
the depletion period. 
The relatively small difference between liver Mn concentrations, and lack of differences 
in liver Zn in DEF and CON steers at the end of the depletion period was not unexpected, as 
tissue Mn and Zn concentrations are not always reflective of actual TM status (Kincaid, 2000). 
As defined by Kincaid (2000) the steers in this experiment had adequate Zn status, as liver Zn 
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concentrations fall well within the adequate range of 25-200 mg/kg DM. Surprisingly, liver Mn 
concentrations from both the DEF and CON steers were within the marginally deficient range as 
defined by Kincaid (2000), between 7-15 mg Mn/kg diet DM. However, in another study 
utilizing beef heifers, supplementation with 50 mg Mn/kg DM (total dietary Mn = 65.8 mg/kg 
DM) for 196 d only resulted in liver concentrations of 9.4 mg Mn/kg DM at the end of the 
experiment (Hansen et al., 2006). These data further support the statement by Kincaid (2000) 
that liver Mn concentrations often do not reflect dietary Mn concentrations. 
Between the pre-injection liver biopsy sample (21 d prior to the start of the repletion 
period) and the sample taken at d 8, liver Mn concentrations significantly decreased and liver Cu 
and Se concentrations were numerically decreased in both treatments. Two days prior to the 
beginning of the repletion period, animals were shipped for 20 h around Iowa to simulate 
shipping stress, as would be typical in a production setting.  As mentioned previously, stress 
increases the requirements for many TM including most enzyme cofactors and antioxidants, and 
stressed cattle have lesser concentrations of B-vitamins, vitamin A, Zn, Cu, Cr, vitamin E, and 
ascorbic acid (Schaefer et al., 2001). Furthermore, steers subjected to simulated stress by 
adrenocorticotropic hormone injection and feed and water restriction had negative Cu and Zn 
retention (Nockels et al., 1993). Additional excretion or need during shipping might explain the 
decrease in liver TM from -21 d to 8 d post injection. 
Because the TM status of cattle at arrival to a feedyard is unknown it is important to 
determine what differences in response to an injectable TM may occur in cattle with either 
adequate or deficient status. Trace mineral injection improved liver Cu and Se concentrations 
through at least d 29 when compared to SAL steers. Previous research has shown that TM 
injection is an effective way to increase liver Cu and Se concentrations in TM adequate steers 
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through 15 d post-injection (Pogge et al., 2012), though differences in liver Cu and Se 
concentrations between TM injected and saline injected steers may have lasted longer than the 15 
d sampling period in that experiment. In the present study, the increase in liver Se concentration 
in response to TM injection was greater in CON steers when compared with the DEF steers, and 
a similar numerical trend was identified in liver Cu. This suggests that steers not receiving 
supplemental TM may have rapidly directed some of the additional Cu and Se provided through 
TM injection to places were where it was needed immediately, potentially to improve activities 
of Cu and Se-dependent enzymes, rather than increase liver stores. Similarly, Owen and Hazelrig 
(Owen and Hazelrig, 1968) reported that 64Cu administered intravenously to Cu-deficient or Cu-
loaded rats was more evenly distributed throughout the blood, plasma and liver in Cu-deficient 
rats, whereas Cu-loaded rats stored more of the labeled Cu in the liver. Injectable TM more 
rapidly increased Cu and Se stores in cattle compared with those receiving saline and 
supplemental Cu and Se in the diet in the present study. It was not until d 57 that DEF + SAL 
steers had greater liver Cu and Se when compared with liver concentrations at the beginning of 
the repletion period.  
Shipping and receiving into a new location is also a time of significant disease challenge, 
making optimal immune function vital (Duff and Galyean, 2007). After the depletion period, as 
previously mentioned, cattle on this study had lesser stores of Cu and Se, prior to shipping. This 
is of note as previous research has shown that while Cu and Se depletion in cattle has no impact 
on the ability of neutrophils to phagocytize bacteria, these TM deficiencies instead negatively 
impact neutrophil killing ability (Boyne and Arthur, 1981) by decreasing the respiratory burst 
(Cerone et al., 1998) and SOD and GPx activities in neutrophils (Boyne and Arthur, 1985). 
Myeloperoxidase is an enzyme required to produce the oxidative killing burst, and decreased 
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total MPO is reflective of impaired neutrophil status and killing ability (Burg and Pillinger, 
2001). In the present study, steers receiving a TM deficient diet for 89 d had lower total MPO 
and greater MPO degranulation, an indicator that MPO is found outside of the neutrophil, 
indicating fragility of the cells, common to inflammatory disorders (Lacy, 2006). Superoxide 
anion is important within the neutrophil to destroy microbes (Burg and Pillinger, 2001), but 
externally can cause oxidative tissue damage. Cytochrome C reduction, a measurement of 
extracellular release of superoxide anion, was also greater in DEF animals, suggesting that 
activity of superoxide dismutase (the enzyme that reduces the superoxide anion to hydrogen 
peroxide) may have been lessened in DEF compared with CON steers. These reductions in 
function suggest that adequate TM nutrition is necessary to support neutrophil function.  
 On d 90 and 91, immediately post-shipping there was no difference in either cytochrome 
C reduction or total MPO concentration between diets. These results are conflicting with results 
from the pre-shipping samples; however, function may have been compromised due to 
dehydration during the last two sampling points, as visual evaluation of samples suggested that 
packed cell volume was elevated, and animals may have been experiencing heat stress due to 
high temperatures.  
Early in the repletion period (d 13 and 14), greater bacteria killing ability, and lesser 
MPO degranulation in neutrophils isolated from CON steers suggest that TM supplementation 
during the depletion period still had a positive impact neutrophil function, although TM injection 
did not. These repletion samples were initially taken to evaluate the impact of injection on 
neutrophil function; however, although circulating neutrophils have a relatively short half-life in 
the body, it takes approximately 12 d for neutrophils to mature in the bone marrow (Orr et al., 
2007). These samples may have been taken too soon after injection to reflect any changes that 
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TM injection may elicit, or stress from heat or dehydration may have impacted the results. Trace 
minerals play supportive roles in neutrophil function, and optimal TM nutrition may help feedlot 
cattle overcome disease challenges more quickly. 
Manganese SOD is a Mn-containing antioxidant enzyme found in the mitochondria that 
catalyzes the conversion of the superoxide radical to less reactive hydrogen peroxide (Weisiger 
and Fridovich, 1973). Trace mineral injection increased RBCL Mn-SOD activity over the 
repletion period in this study. Currently there are no good biomarkers of Mn status available in 
cattle (Herdt and Hoff, 2011); however, as Mn-SOD activity reflected Mn supplementation, in 
this case by injection and by dietary intake in other animal studies, it has potential to be used as a 
biomarker of Mn status. The activity of Mn-SOD in the leg muscle of broiler chickens was 
increased by dietary Mn supplementation up to 300 mg/kg diet DM (Lu et al., 2006). Increasing 
dietary Mn also increased Mn-SOD activity and Mn concentration in heart tissue of rats (Payter, 
1980).  The biological relevance of the increase in Mn-SOD activity due to injectable mineral is 
unclear, as limited research on Mn-SOD has been conducted in cattle; however, the increase in 
activity indicates that the minerals provided from a TM injection were incorporated into a 
biological process. Manganese concentration in the liver was not different due to dietary or 
injection treatment; however, due to the metabolism of Mn, dietary consumption of Mn is not 
always reflected in liver Mn concentration (Kincaid, 2000). 
Unlike Mn-SOD activity, activity of Se-dependent GPx was not affected by diet or 
injection in this study. This is in contrast to previous research with an injectable mineral, where 
RBCL GPx activity was elevated by injection over the 15 d sampling period (Pogge et al., 2012). 
During this study, heat stress during the 4 weeks of the repletion period may have negated 
treatment effects, as all steers had similar GPx activities. Stress, such as heat stress or shipping 
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stress, can increase production of free radicals (Ganaie et al., 2013) so adequate antioxidant 
enzyme activity is critical.  
In this study, DEF steers had greater liver Zn concentrations than CON steers. Similarly, 
heifer calves fed a diet without supplemental Zn had greater liver Zn after 21 d than calves 
supplemented with Zn (Engle et al., 1997). Zinc is a very difficult TM to evaluate partially 
because Zn is a vital component of over 300 metalloenzymes (McCall, 2000), so body 
distribution is difficult to track, leading to a lack of dependable biomarkers (Hambridge, 2003; 
Lowe et al., 2009). Injection of TM did not have an effect on liver Zn concentrations. This is in 
contrast to the results found by Pogge et al. (2012), where liver Zn concentrations, based on 
repeated measures, were increased in TM injected calves, although this may be due to the 
abbreviated sampling period that ended 15 d post-injection.   
There was no difference in any plasma measures between animals previously on the CON 
or DEF diets when measured at d 0. This was not surprising, as TM homeostasis tightly regulates 
circulating TM concentrations, so plasma TM concentrations are not ideal measurements to 
evaluate TM status (Miller, 1975). Plasma concentrations may be good indicators of clinical 
deficiency, but do not reflect moderate deficiency (Kincaid, 2000) as found in the DEF steers in 
this study. However, a lack of proper biomarkers means that plasma concentrations continue to 
be used to evaluate TM status. Pogge et al. (2012) found that plasma Cu, Mn, Se and Zn were 
elevated 8-10 h post-injection, but all values returned to baseline prior to 24 h, with the exception 
of Se, which remained elevated through 24 h post-injection. However, in our study, steers that 
received a TM injection had elevated plasma Se through at least d 15, as plasma Se 
concentrations were not different between injected and non-injected animals by d 29 post-
injection. Plasma Se is unique as a status indicator when compared to other plasma minerals, as it 
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has been shown that plasma Se is reflective of Se intake (Herdt and Hoff, 2011) so plasma Se is a 
relatively good biomarker.  
Between 29 and 57 d post-injection liver concentrations of Cu, Mn and Se demonstrated 
an interesting cross-over, where steers that were previously on the CON diet had decreasing 
concentrations of liver Cu, Mn and Se after 29 d, whereas concentrations stayed relatively stable 
in DEF animals. Ahola et al. (2005) also found that liver Cu and Mn concentrations were 
numerically decreased at the end of the finishing period, when compared with the end of the 
growing period in feedlot cattle, regardless of TM supplementation program. This may be due to 
increasing TM excretion by the CON animals during the finishing period, or lower intestinal TM 
absorption. Alternately, the DEF steers may have increased TM absorption or decreased TM 
excretion, having lacked adequate TM in the diet previously. However, additional research into 
the dynamics of TM status and requirements in finishing cattle is warranted.  
 In conclusion, diets lacking supplemental Cu, Mn, Se, and Zn, and supplemented with the 
antagonists Fe and Mo, significantly decrease liver Cu and Se concentrations. In animals with 
differential TM status, TM delivered through injection appear to be uniquely utilized, while 
throughout the finishing period the dynamics of TM storage in the liver are also different 
between animals with different initial status. Trace minerals from injection appeared to be 
incorporated into a biological process, increasing Mn-SOD activity, which may hold potential to 
be used as a Mn biomarker. Overall, TM injection more rapidly increases TM status than does 
adequate dietary TM supplementation alone.  
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Table 1 Composition of the control (CON) and trace mineral deficient (DEF) diets during 
depletion period, and diet composition during the repletion period 
 Depletion Repletion1 
 CON DEF  
Ingredient % of diet DM 
Corn silage 50 50 15 
Corn dried distillers grains with solubles 20.64 20.57 23.02 
Dry rolled corn 18 18 50 
Soyhull pellets 10 10 10 
Limestone 0.9 0.9 1.51 
Salt 0.31 0.31 0.31 
Vitamin A premix2 0.11 0.11 0.11 
Rumensin903 0.01 0.01 0.01 
Trace mineral premix4 0.001 0.001 0.001 
CON premix5 0.035 --- 0.035 
DEF premix6 --- 0.101 --- 
 mg/kg of diet DM 
Analyzed7    
Cu 13.8 4.1 12.7 
Mn 43.9 25.7 32.1 
Zn 56.1 33.9 62.3 
1All cattle received the same diet during the repletion phase 
2Vitamin A premix contained 4,400,000 IU Vitamin A/kg 
3Provided 200 300 mgsteer–1d–1of the ionophore monensin; donated by Elanco (Greenfield, 
IN). 
4Provided per kg of diet DM: 0.5 mg I (calcium iodate) and 0.1 mg Co (cobalt carbonate).  
5Provided per kg of diet DM: 10 mg Cu (copper sulfate), 20 mg Mn (manganese sulfate), 0.1 mg 
Se (sodium selenite), and 30 mg Zn (zinc sulfate). 
6Provided per kg of diet: 300 mg Fe (iron sulfate) and 5 mg Mo (sodium molybdate). 
7Analyzed mineral values reflect diet total, which includes supplemental mineral. 
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Table 2 Repletion period plasma trace mineral concentrations, red blood cell lysate enzyme 
activities and neutrophil function as affected by previous trace mineral supplementation (CON) 
or deficiency (DEF) during the depletion period and saline (SAL) or trace mineral injection 
(MM)1 
 CON DEF  P-values2 
Variable SAL 
n = 10 
MM 
n = 10 
SAL 
n = 10 
MM 
n = 10 
SEM D I D × I 
Plasma3, 4         
    Cu5, 6, mg/L 1.10 1.07 1.10 1.13 0.020 0.12 0.99 0.21 
    Mn7, µg/L 2.30 3.07 2.17 3.17 0.243 0.94 <0.001 0.64 
    Se7, µg/L 129.9 137.4 131.5 138.4 1.74 0.47 <0.001 0.88 
    Zn8, mg/L 0.96 0.93 0.97 0.97 0.026 0.36 0.54 0.59 
Red blood cell 
lysate3, 4 
        
GPx6,9, U × 
103/g  Hb 
103.5 105.6 104.1 102.9 1.29 0.42 0.71 0.20 
Neutrophil 
Function10 
        
    Cytochrome 
C reduction, U11 
3.44 3.49 3.27 3.16 0.064 <0.001 0.69 0.21 
    MPO 
degranulation, 
% 
42.03 43.57 47.24 45.30 1.574 0.03 0.90 0.27 
    Total MPO, 
OD 
2.04 2.16 2.16 2.09 0.034 0.45 0.36 0.007 
    P. multocida 
killing, % 
52.09 54.68 48.35 47.84 2.152 0.04 0.68 0.53 
 
1Data are means and pooled SEM based on repeated measures; GPx = glutathione peroxidase; 
Hb = hemoglobin; MPO = myeloperoxidase; OD = optical density. 
2Main effects for statistical analysis included diet (D) and injection (I) and their interaction (D × 
I). 
3Day 0 values were used as covariates in statistical analyses 
4
 Diet × Injection × Day: P > 0.10. 
5Data were natural log transformed for analysis and least-square means and SEM were back-
transformed for presentation in this table. 
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6
 Diet × Day: P > 0.10; Injection × Day: P > 0.10. 
7Diet × Day: P > 0.10; Injection × Day: P < 0.01. 
8Diet × Day: P < 0.05; Injection × Day: P < 0.05. 
9One unit of GPx activity is defined as the amount of enzyme that will cause the oxidation of 1.0 
nmol of NADPH to NADP+ per minute at 25°C. Units are reported as U × 103 (for example 100 
U × 103/g Hb = 100,000 U/g Hb.) 
10All interactions involving Day: P > 0.10. 
11
 One unit of cytochrome C reduction is defined as nM of extracellular superoxide anion 
released per 10
6
 cells. 
  
 
131
Table 3 Repletion period liver trace mineral concentrations as affected by trace mineral 
supplementation (CON) or deficiency (DEF) during the depletion period and saline (SAL) or 
trace mineral injection (MM) on liver trace mineral concentrations1. 
 CON DEF  P-value2 
Variable SAL 
n = 10 
MM 
n = 10 
SAL 
n = 10 
MM 
n = 10 
SEM D I D × I 
Liver, mg/kg 
DM 
        
    Cu3 124.6 151.3 139.3 161.6 8.96 0.33 0.001 0.76 
    Mn4, 5 7.64 7.59 7.98 7.57 0.207 0.45 0.26 0.39 
    Se4, 6 1.70 2.13 1.77 2.05 0.060 0.99 <0.001 0.16 
    Zn3 66.9 70.7 79.5 78.7 2.01 <0.001 0.46 0.26 
 
1Data are means and pooled SEM based on repeated measures. 
2Main effects for statistical analysis included diet (D) and injection (I) and their interaction (D × 
I). 
3Diet × Day: P < 0.01; Injection × Day: P < 0.01. 
4
 Diet × Day: P > 0.10; Injection × Day: P > 0.10. 
5Diet × Injection × Day: P > 0.10. 
6Diet × Injection × Day: P = 0.02. 
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Table 4 Effect of trace mineral supplementation (CON) or deprivation (DEF) during the 
depletion period and shipping on neutrophil function1 
 Pre-shipping2 Post-shipping3  P-value4 
Variable CON 
n = 20 
DEF 
n = 20 
CON 
n = 20 
DEF 
n = 20 
SEM D S D × S 
         
Cytochrome C 
reduction, U5 
1.95 3.28 3.55 3.65 0.092 <0.001 <0.001 <0.001 
MPO 
degranulation, % 
51.57 52.55 42.00 46.42 1.49 0.10 <0.001 0.22 
Total MPO, OD 1.81 1.62 1.96 1.92 0.045 0.02 <0.001 0.04 
P. multocida killing, 
% 
53.20 51.00 41.29 42.66 1.877 0.86 <0.001 0.16 
1Data are means and pooled SEM; MPO = myeloperoxidase; OD = optical density. 
2Pre-shipping data are from samples taken on d 69 and 70 of the experiment (19 and 18 d prior to 
shipping, respectively).  
3Post-shipping data are from samples taken on d 90 and 91 of the experiment (1 and 2 d post-
shipping, respectively). 
4Main effects in statistical analysis were diet (D), shipping (S) and their interaction (D × S). 
5One unit of cytochrome C reduction is defined as nM of extracellular superoxide anion released 
per 10
6
 cells. 
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FIGURE 1 Effect of saline (SAL) or trace mineral injection (MM) on plasma Se (
concentrations (B); values are means ± SEM, 
and injection × time interaction (
treatments within day of experiment.
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n = 20 per injection treatment; injection (
P < 0.01). Asterisks denote differences (P < 0.05) between 
 
 
 
 
 
 
 
 
A) and Mn 
P < 0.01) 
  
FIGURE 2 
 
 
 
 
FIGURE 2 Effect of supplemental trace minerals (CON) or deprivation (DEF) during the 
depletion period and saline (SAL) or trace mineral injection (MM) on plasma Zn concentrations; 
values are means ± SEM, n = 10 within each treatment × diet combination. There was a diet × 
day interaction (P = 0.01) and injection × day interaction (
differences (P < 0.05) between injections and daggers (†) denote differences (
depletion diets, within day of the experiment.
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FIGURE 3 
   
 
 
 
 
 
 
 
FIGURE 3 Effect of saline (SAL) or trace mineral injection (MM) on RBCL Mn
values are means ± SEM, n = 20 per injection treatment; injection (
RBCL = red blood cell lysate; SOD = superoxide dismutase.
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P = 0.01). Hb = hemoglobin; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-SOD activity; 
  
FIGURE 4 
  
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4 Effect of supplemental trace minerals (CON) or deprivation (DEF) during the 
depletion period and saline (SAL) or trace mineral injection (MM) on liver Cu (
Se concentrations (C); values are means ± SEM, 
combination. Within liver Cu there was a diet × day interaction (
interaction (P < 0.05); asterisks (*) denote differences (
(†) denote differences (P < 0.10) between depletion diets, within day of the experiment. Within 
liver Mn there was a diet × day interaction (
0.05) between depletion diets.  Within liver Se there was a diet
0.02); lowercase letters that differ denote differences (
within day
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CHAPTER 5. 
 
EFFECT OF DIETARY TRACE MINERAL SUPPLEMENTATION AND A MULTI-
ELEMENT TRACE MINERAL INJECTION ON SHIPPING RESPONSE AND 
GROWTH PERFORMANCE OF BEEF CATTLE 
 
The Journal of Animal Science, 92:2522-2530 (2014) 
 
O.N. Genther and S.L. Hansen 
 
ABSTRACT: To examine the effect of TM status and TM injection on growth performance and 
carcass characteristics in beef cattle, 40 steers were used in a growing and finishing study. Steers 
were stratified by weight (323 ± 14.8 kg) and assigned to one of two treatments for an 84 d 
depletion period: 1) a corn silage-based diet supplemented with Cu, Mn, Se and Zn to meet or 
exceed NRC recommendations (CON), or 2) CON diet without supplemental Cu, Mn, Se or Zn, 
and supplemented with 300 mg Fe and 5 mg Mo/kg diet DM as dietary TM antagonists (DEF) to 
induce mild deficiencies. To mimic shipping stress, steers were shipped for 20 h on d 88 and 
were received back on d 89. On d 91 an equal number of steers from both dietary treatments 
were injected with sterilized saline (SAL) or Multimin90 (MM; containing 15, 40, 10 and 5 
mg/mL of Cu, Zn, Mn and Se, respectively) at a dose of 1 mL/68 kg BW. Steers were fed a 
common finishing diet supplemented with 10 mg Cu, 20 mg Mn, 0.1 mg Se and 30 mg Zn/kg 
diet DM for the 90 d repletion period. Steers were harvested 91 d post-injection and carcass data 
were collected. During the depletion period, diet did not affect BW, ADG, DMI, or G:F (P > 
  
138
0.20). During the shipping period (defined as the time between two-day consecutive weights on d 
83, 84 and d 90, 91), DEF steers tended to lose more weight per day than CON steers (P = 0.06) 
and had lesser DMI (P = 0.03), suggesting that response to shipping stress may be modulated by 
TM status. During the repletion period, ADG of DEF + MM steers was greater (P = 0.03) 
compared with DEF + SAL, and was not different (P = 0.92) among CON + MM and CON + 
SAL steers. There was no effect of diet or injection on HCW or dressing percentage (P > 0.20). 
Within the CON group TM injection decreased yield grade (P = 0.03) but did not affect yield 
grade of DEF steers (P > 0.20). Steers given TM injection had a larger rib eye area (P = 0.04) 
regardless of previous diet. Interestingly, both diet and injection affected marbling scores (MS), 
where CON steers had greater MS than DEF steers (P = 0.01), and MM steers had greater MS 
than SAL steers (P = 0.04). These results indicate that adequate TM nutrition is essential for 
marbling development, during both the growing and finishing phases. Overall, an injectable 
mineral improved rib eye area and MS regardless of initial TM status, and improved growth of 
mildly TM deficient steers. 
Key words: beef cattle, marbling, rib eye area, shipping, trace minerals 
 
Introduction 
Trace minerals (TM) are important dietary components for beef cattle, and are necessary for 
multiple biochemical processes, including skeletal and muscular development (Suttle, 2010).  
Feedstuffs commonly fed to beef cattle can provide these nutrients, however, variable or 
inadequate concentrations (Smart et al., 1981) coupled with the formation of insoluble 
complexes with dietary antagonists such as Fe, Mo and S, can lead to TM deficiencies (Spears, 
1996). Trace mineral deficiencies contribute to poor growth performance and lower quality 
  
139
carcasses (Ward and Spears, 1997; Spears and Kegley, 2002). However, it is uncommon to know 
the TM status of cattle coming into the feedlot, so providing TM to avoid risks associated with 
deficiencies may be beneficial. Supplemental TM delivered through injection bypass the 
gastrointestinal tract and antagonists, and have been shown to improve Cu and Se concentrations 
in the liver through at least 15 d post-injection (Pogge et al., 2012), and health and performance 
in beef cattle (Richeson and Kegley, 2011). However, the effect of TM supplementation and TM 
injection on growth performance and carcass characteristics in animals with varying TM status 
has not been studied. The objective of this study was to evaluate the effect of varying TM status 
on response to a shipping event, as well as TM injection on growth performance and carcass 
characteristics in beef feedlot cattle. 
 
Materials and Methods 
All procedures and protocols were approved by the Iowa State University Institutional Animal 
Care and Use Committee (Log number: 3-11-7099-B). 
 
Depletion period 
Forty yearling Angus crossbred steers were stratified by initial body weight (323 ± 14.8 kg) and 
assigned randomly to one of two treatments (n = 20 per treatment): 1) a corn silage-based diet 
supplemented with 10 mg Cu/kg DM, 20 mg Mn/kg DM, 0.1 mg Se/kg DM, and 30 mg Zn/kg 
DM (CON) in accordance with NRC (1996) recommendations, or 2) a corn silage-based diet not 
supplemented with Cu, Mn, Se, or Zn, but supplemented with 300 mg Fe/kg DM and 5 mg 
Mo/kg DM as dietary TM antagonists (DEF). Dietary composition can be found in Table 1. 
Steers were weighed prior to feeding every 28 d throughout the depletion period, and two-day 
  
140
consecutive weights were taken at the beginning of the experiment, once every 28 d, and on d 83 
and 84 at the end of the depletion period. The cattle were not implanted, but were vaccinated 
with Pyramid 5 (Bovine Rhinotracheitis-Virus Diarrhea-Parainfluenza-3-Respiratory Syncytial 
Virus, Fort Dodge Animal Health, Fort Dodge, IA) and Presponse (Pasteurella Multocidia 
bacterial extract-mannhheimia hemolytica toxoid, Fort Dodge Animal Health, Fort Dodge, IA) 
and Vision 7 (clostridial bacterin-toxoid; Merck Animal Health, Summitt, NJ) 5-d prior to the 
beginning of the experiment. Steers were housed in partial confinement, south-facing open side, 
dirt floor pens measuring 30.6 m2, with 6 or 7 steers penned by dietary treatment with ad libitum 
access to water. Steers were fed once daily at approximately 0800 CST for approximately 3% 
feed refusal on a DM basis. If feed refusal was less than 3% of feed delivered, feed delivered was 
increased by 3% DM.  Steer feed intake was recorded daily on an individual basis using the Iowa 
State University Beef Nutrition Farm’s feed intake management system. Steers were fitted with 
electronic identification tags, which allowed for feed disappearance by a single steer to be 
monitored. This feed intake system is described in detail by Dahlke et al. (2008). Liver biopsy 
samples were taken on d 71 of the depletion period to establish TM status prior to shipping and 
start of the repletion period using the method reported by Engle and Spears (2000). Steers were 
fed a growing diet (either CON or DEF) through d 71, followed by a series of 3 (6-7 d in length 
each) step-up diets (with corn replacing corn silage), maintaining the same supplemental TM 
concentrations (CON or DEF) in preparation for the repletion period finishing diet. Steers were 
transitioned prior to shipping in order to minimize dietary changes confounding TM status 
changes in response to a TM injection administered 2 d after shipping. 
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Shipping period 
Steers were loaded onto a tractor-trailer on d 88 (1030 CST), and shipped for 20 h to simulate 
shipping, to evaluate the effect of TM dietary deficiency on shipping response. Each steer had 
1.10 m2 of space in the trailer, pens were randomly assigned to top or bottom compartments, and 
future injection treatments were evenly distributed across compartments. Steers were received 
back at the Iowa State University Beef Nutrition Research Center on d 89 (0630 CST) into the 
same pens and were allowed to rest for 24 h with ad libitum access to feed and water. Two-day 
consecutive weights were taken prior to feeding on d 90 and 91, and the average of these weights 
was compared with the average of weights from d 83 and 84 to calculate shipping ADG (or loss). 
Shipping period DMI was also measured during this period from d 84 through d 90. 
 
Repletion period 
On d 91, steers (441 ± 21.8 kg BW) were stratified by liver mineral status (primarily liver Cu) 
within depletion period diet and randomly assigned to receive an injection with sterilized saline 
(SAL) or Multimin90 (MM; Multimin USA, Fort Collins, CO) at a dose of 1 mL/68 kg BW 
(average dose = 6.5 mL), resulting in 10 steers per treatment group. The Multimin90 injection 
provided 15 mg Cu/mL (as Cu disodium EDTA), 10 mg Mn/mL (as Mn disodium EDTA), 5 mg 
Se/mL (as sodium selenite), and 60 mg Zn/mL (as Zn disodium EDTA). All steers were fed a 
common finishing diet supplemented with 10 mg Cu, 20 mg Mn, 0.1 mg Se, and 30 mg Zn/kg 
diet DM for the 90 d repletion period (Table 1). Average daily gain was calculated from 2 d 
consecutive weights taken at the beginning and end of each period and at 28 d intervals between. 
At the end of the repletion period, steers were shipped to a commercial abattoir in Dension, IA 
(Tyson Fresh Meats), where individual identification was maintained with each carcass 
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following harvest and HCW data were collected. After a 24 h chill, carcasses were ribbed 
between the 12th and 13th ribs and graded according to USDA standards. Carcass data were 
collected at the plant by representatives of Tri-Country Carcass Futurity (Iowa State University 
Beef Extension, Lewis, IA) who were blinded to treatment. Data collected included rib eye area 
(REA), 12th rib backfat (BF), KPH, marbling score (MS), quality grade (QG) and yield grade 
(YG). Carcass-adjusted final BW was calculated by dividing HCW by the average dressing 
percentage (62.8%). A 4% pencil shrink was applied to all live BW measures prior to the 
calculation of ADG and G:F.  
 
Feed sampling and analysis 
Diet TMR samples were collected weekly, and samples were dried in a forced air oven at 70°C 
for 48 h for dry matter determination. The diet samples were then ground through a 2 mm screen 
in a Wiley Mill, and samples were composited within treatment by month for Cu, Mn and Zn 
analysis. Composited feeds were digested using trace metal grade nitric acid (Fisher Scientific, 
catalog # A509-P212) prior to trace mineral analysis. Feed sample concentrations of Cu, Mn, and 
Zn were determined using inductively coupled plasma optic emission spectroscopy 
(PerkinElmer, Waltham, MA) as previously described (Richter et al., 2012). A bovine liver 
reference sample (National Institute of Standards and Technology, Gaithersburg, MD) was 
included in all analyses to verify instrument accuracy. Overall diet composite samples were 
analyzed for Fe and Mo by Dairyland laboratories Inc. (Acadia, WI). 
 Steer intake as measured by the Iowa State University individual feed intake management 
system was adjusted for weekly diet DM to determine DMI. Feed efficiency (G:F) was 
calculated every 28 d from the total gain and total DMI within that period. 
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Statistical analyses  
Depletion and shipping period data were analyzed by ANOVA as a randomized complete block 
design using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC) including the fixed 
effect of diet (CON or DEF) and the random effect of steer. Steers were individually fed 
throughout the experiment and were considered the experimental unit (n = 20 per diet).  Data 
from the repletion period were analyzed as a 2 × 2 factorial also using the MIXED procedure of 
SAS including the fixed effects of both diet (CON or MM) and injection (SAL or MM) and the 
random effect of steer. Steer was the experimental unit (n = 10 per diet x injection treatment) in 
the repletion period as well.  Body weights, ADG, and G:F during the depletion and repletion 
periods were analyzed as monthly repeated measures (based on weigh dates). The model 
contained the fixed effects of diet or diet and injection as described above, with month as the 
repeated effect. Dry matter intake was averaged on a weekly basis during both the depletion and 
repletion periods prior to statistical analysis and was analyzed as repeated measures, with week 
as the repeated effect. The variance structure of auto-regressive 1 [AR(1)] was selected based on 
lowest AICc (Akaike information criterion corrected), and the interaction between diet, injection, 
and steer was designated as the subject for all repeated measures. Degrees of freedom were 
approximated using the Satterthwaite method (ddfm = sat).  Data were checked for normalcy and 
homogeneity of variance, and no data transformation were necessary. Outliers were determined 
using Cook’s D statistic and removed. Data reported are least-squared means ± SEM. 
Significance was declared at P ≤ 0.05 and tendencies were declared from P = 0.06 to 0.10. 
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Results 
Trace mineral status of all steers was assessed throughout the study by analysis of liver 
and plasma trace mineral concentration and data are reported elsewhere (Genther and Hansen, 
2012). Briefly, after 71 d consuming a TM deficient diet, liver Cu and Se concentrations in DEF 
steers (79.0 ± 11.60 mg Cu/kg DM and 1.66 ± 0.080 mg Se/kg DM) were lesser than CON steers 
(229 ± 11.6 mg Cu/kg DM and 2.41 ± 0.080 mg Se/kg DM). Liver Cu in DEF steers would be 
classified as marginally deficient according to Kincaid (2000). Liver Mn tended to be lesser in 
DEF steers (8.71 ± 0.261 mg/kg DM) than CON steers (9.37 ± 0.261 mg/kg DM), while liver Zn 
was greater in DEF than CON steers (79.3 ± 1.45 mg/kg DM and 68.8 ± 1.40 mg/kg DM, for 
DEF and CON respectively), at the beginning of the repletion period. After TM injection, both 
liver Cu and Se concentrations of MM steers were greater than SAL steers for at least 30 d 
regardless of previous diet, while liver Mn and Zn were not affected by injection.   
 
Growth Performance 
During the 85 d depletion period, there were no overall differences in DMI or G:F 
between the DEF and CON steers (P > 0.10; Table 2). An interaction between diet and day was 
observed for ADG where DEF steers had greater ADG than CON from d 29-56 (P = 0.01), but 
lesser ADG from d 57-85 (P = 0.01). Diet had no impact on BW (P > 0.20), but there was an 
interaction between diet and day (P = 0.03) with likely minimal biological meaning as DEF and 
CON measures on individual days were not different (P > 0.30). 
During the shipping period, DEF steers tended to lose more weight per day than CON 
steers (P = 0.06) and had lesser DMI (P = 0.03; Fig. 1). Interestingly, ADG during the shipping 
period was positively correlated with initial liver Cu (r = 0.324, P = 0.04) and Se concentrations 
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(r = 0.396, P = 0.01), based on liver samples collected 21 d prior to shipping, suggesting that 
greater Cu and Se status conveyed some protection against shipping stress-induced weight loss. 
During the initial three weeks of the repletion period DEF steers had lesser DMI than CON steers 
(P < 0.05; Fig. 2) and tended to have lesser DMI at weeks 5 and 6 (P < 0.10), while there was no 
overall injection effect on DMI over the repletion period. Body weights were not impacted by 
diet or injection (P > 0.20; Table 3). A tendency for an interaction between diet and injection 
was observed (P < 0.10) where MM improved ADG in DEF steers, but MM did not affect ADG 
within CON animals (Table 3). Efficiency, as determined using live animal performance 
variables, was not affected by previous depletion diet or injection treatment (P ≥ 0.14). Carcass-
adjusted final BW was not influenced by either diet or injection (P ≥ 0.35), but there was a 
tendency for MM steers to have greater carcass-adjusted ADG (P = 0.08) when compared with 
SAL steers. Additionally, there was an effect of diet (P = 0.03) on G:F, where steers that 
received the DEF diet during the depletion period were more efficient than CON steers; 
however, this effect was mainly driven by increased efficiency of the DEF + MM steers, as pair-
wise comparisons revealed that DEF+SAL steer G:F was not different from other treatments (P 
> 0.20). 
 
Carcass Characteristics  
There was no effect of diet or injection on HCW or dressing percentage (P > 0.20; Table 4). 
There was an interaction (P = 0.03) between depletion and repletion treatments on calculated 
yield grade, where DEF + MM steers had higher yield grades than DEF + SAL steers (P < 0.05), 
yet within CON steers, MM decreased yield grade, Cattle treated with the injectable mineral had 
less KPH (P = 0.01), and had numerically lesser 12th rib backfat (P = 0.13) than animals treated 
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with saline. Trace mineral injection increased REA (P = 0.04) regardless of previous diet. Both 
diet and injection affected marbling scores (MS), where DEF steers had lesser MS than CON 
steers (P = 0.01), and MM steers had greater MS than SAL steers (P = 0.04). Receiving an 
injectable TM improved quality grade distribution of steers as more MM steers achieved a QG of 
low choice, while fewer MM steers graded high select (P < 0.01), when compared with SAL 
steers (Table 5). There was a tendency for more DEF steers to grade low choice than CON steers 
(P = 0.08), due to fewer DEF steers grading average choice than CON steers (P = 0.02). 
 
 
Discussion 
Although limited differences in performance due to dietary TM supplementation were noted 
during the depletion phase, steers that consumed the CON diet during the depletion period were 
better able to recover from transit stress than steers receiving the DEF diet, as indicated by the 
lesser daily weight loss and greater DMI upon return to the feedlot. Based on the liver biopsy 
samples collected shortly before shipping, liver Cu and Se concentrations in DEF steers were 
lesser than CON steers prior to injection (Genther and Hansen, 2014) suggesting these minerals 
may be critical in the response to shipping. Although 2 d consecutive weights were taken on 
either side of the shipping period to minimize variation, measuring weights over such a short 
period of time can increase the variation contributed by gut fill differences and certainly limits 
the interpretation of the these data.  The positive correlation between weight gain during the 
shipping period and liver Cu and Se concentrations also supports this theory. However, the lack 
of correlation between liver Mn and Zn concentrations and shipping response does not 
necessarily indicate that Mn and Zn can be dismissed in relation to shipping response as liver 
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concentrations of Mn or Zn are poor biomarkers for whole-body Mn and Zn status (Kincaid, 
2000). Trace minerals are vital to the antioxidant system because they are components of 
enzymes such as Se-containing glutathione peroxidase, and Cu/Zn or Mn superoxide dismutase 
(Weisiger and Fridovich, 1937; Sordillo and Aitken, 2009). Stress, such as heat stress or shipping 
stress, can increase production of free radicals (Ganaie et al., 2013); therefore, antioxidant 
enzyme activity is very important to prevent oxidative damage to lipids, DNA, or other sensitive 
biological substrates. Other shipping studies have shown that transit stress of beef cattle 
increases serum malondialdehyde (MDA) concentrations (a marker of lipid peroxidation) and 
lowers total antioxidant capacity (Chirase et al, 2004). Through not measured directly in this 
study, nutritional support of these antioxidant enzymes may have improved shipping response by 
decreasing oxidative stress in CON cattle versus DEF cattle. 
 Adequate TM nutrition may help stressed cattle recover previous feed consumption rates 
more quickly after a stressful event, as in this study CON steers had greater DMI upon arrival 
back to the feedlot after shipping when compared with DEF steers. Beyond the shipping period, 
DMI continued to be greater in CON steers through the initial 6 weeks of the repletion period 
suggesting that supplementation with TM may improve DMI in response to other potentially 
stressful situations. This study was conducted in the summer of 2011, and some of the hottest 
weather of the summer occurred during the repletion period of this study. During the initial 4 
weeks of the repletion period, the average temperature-humidity index was 26.1 ± 4.57 °C with 
an average maximum temperature-humidity index of 34.4 ± 6.88 °C. High daily temperatures, 
humidity, and poor silage quality (mold due to excessive heat causing the silage to dry out very 
quickly) caused poor intakes during the first three weeks of the repletion period.  In another 
study, steers challenged with infectious bovine rhinotracheitis virus and supplemented with 54 
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mg Zn-methionine/kg DM (89 mg Zn/kg total diet DM) had a slower rate of DMI decline and a 
lesser overall decrease in DMI when compared with steers fed 35 mg Zn/kg from Zn-oxide 
(Chirase et al., 1991). These data suggest that during a potential stressor, such as disease or 
shipping, adequate TM status may be critical in maintenance of DMI by cattle. Cattle in feedlots 
frequently experience heat stress in the summer and economics dictate that these animals must 
not only survive, but also continue to convert feed to gain as efficiently as possible. 
 The DEF + MM steers maintained greater ADG during the repletion period, suggesting 
that injectable TM at the start of the finishing period could help alleviate some negative impacts 
of prior TM deprivation. Additionally, DEF +MM animals had numerically greater DMI than 
DEF+SAL during the first few weeks of the trial, which may help explain the improved ADG in 
DEF-MM steers compared with DEF-SAL steers. Similarly, two different multi-element 
injections (containing either 20 mg Zn, 20 mg Mn, 10 mg Cu, and 5 mg Se/mL, or 48 mg Zn, 10 
mg Mn, 16 mg Cu, and 5 mg Se/mL from various inorganic sources) both improved ADG of 
highly stressed, newly received beef heifers, when administered at a rate of 1 mL/45 kg of BW to 
heifers weighing 200 kg (Richeson and Kegley, 2011). In heat stress, as Sahin and Kucuk (2003) 
demonstrated, Zn supplementation to laying Japanese quail can increase feed intake and feed 
efficiency and decrease serum malondialdehyde concentrations (Kucuk et al., 2003; Sahin and 
Kucuk, 2003). These results suggest that Zn supplemented through injection may have played an 
important role in improving the DEF + MM steers response to the stressors which occurred early 
in the repletion period. Injectable TM in combination with supplemental dietary TM also 
improved TM liver stores more rapidly than adding supplemental TM to the diet alone at the 
beginning of the repletion period in the current study (Genther and Hansen, 2014), which may 
have aided in the improved performance of the DEF + MM steers.  
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Utilizing a trace mineral injection improved carcass-adjusted ADG compared to SAL, 
suggesting that providing a rapidly available source of TM to cattle may support carcass gain. 
This effect was mainly driven by the DEF+MM steers having greater gain than DEF+SAL.   
Although there was no difference in BW between CON and DEF steers at the end of the 
depletion period, DEF steers had lesser ADG at the end of the depletion period and lost more 
weight during shipping, suggesting that DEF animal performance was beginning to be limited by 
diet. However, DEF + MM steers had greater carcass-adjusted ADG and also greater carcass-
adjusted efficiency after rapidly improving TM status with TM injection after a period of mild 
deficiency, and ended the experiment having similar performance to CON steers. Carcass 
adjusted performance was calculated using a common dressing percentage, which allowed for 
lesser variation within measurement, likely contributing to the slight differences in statistical 
significance of these analyses. 
Data from this study suggest that mineral status can influence marbling development 
during both the growing and finishing periods. Receiving a TM deficient diet, along with Fe and 
Mo as antagonists, during the growing period negatively influenced marbling at harvest. Cattle 
previously on the CON diet had a greater MS and QG than steers on the DEF diet signifying the 
importance of TM during the growing phase for intramuscular fat development. It has been 
previously noted that the intramuscular fat cells essential for future marbling are already 
developed prior to the growing and finishing phases, specifically between early weaning (often 
90 d of age or younger) and approximately 250 d of age (Du et al., 2013), while filling of these 
cells occurs later in the finishing period (Hocquetter et al., 2010). However, in this study, 
providing TM through the diet in the growing period (approximately 350 to 430 kg BW) or 
providing TM through injectable mineral in the finishing period (approximately 430 to 540 kg 
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BW) improved marbling scores. Zinc has been implicated in the synthesis and secretion of 
insulin, and Zn supplementation to obese mice can enhance insulin activity, and decrease plasma 
glucose and increase lipogenesis (Chen et al., 1998). Zinc increases glucose transport (Tang and 
Shay, 2001) and as glucose appears to be an important substrate for intramuscular fat 
development (Smith and Crouse, 1984) this suggests that TM may be needed to support 
marbling. 
In previous research, supplementation of Zn to growing and finishing cattle increased MS 
and YG when compared with non-Zn supplemented steers (Spears and Kegley, 2002), suggesting 
an effect of Zn on overall fat metabolism of the steers. However, steers that received a TM 
injection in the present study not only had greater MS and QG, but also had a lesser YG, KPH 
and BF. These data indicate that TM injection potentially caused a repartitioning of energy, from 
fat synthesis to protein accretion, as demonstrated by the increased REA. Previous research also 
suggests that Cu supplementation may have a significant impact on lipid metabolism, as 
supplementing Cu to cattle during the growing or finishing phases has been shown increase REA 
(Ward and Spears, 1997) and to decrease 12th rib BF while not impacting MS (Engle and Spears, 
2000; Engle et al., 2000). Neither dietary Mn nor Se concentrations have been shown to impact 
carcass characteristics (Legleiter et al., 2005; Lawler et al., 2004) although research in these 
areas is limited. Because the treatments in this study involved multiple TM, no single TM can be 
implicated in the changes in carcass composition. One hundred percent of the cattle that received 
TM injection, regardless of previous treatment, graded USDA Choice, whereas between 20 and 
40% of SAL cattle graded USDA Select. These data suggest that providing TM through injection 
may increase QG, and depending on the USDA Choice-Select spread this may represent a 
significant source of income. 
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Alternatively, the increase in MS in response to dietary TM supplementation may be 
explained by the fact that DEF animals lost more weight during the shipping period and took 
longer to reach previous DMI amounts. These factors may have negatively impacted overall 
carcass quality, despite being potentially similar prior to shipping.  Long-term (3 h) transport of 
broilers increases reactive oxygen species production and malondialdehyde content in thigh 
muscles and changes ATP:ADP ratios, suggesting changes in muscle metabolism and increases 
in lipid peroxidation may occur in response to transit stress (Zhang et al., 2010).  While reactive 
oxygen species and overall cellular metabolism were not measured in this study, greater TM 
stores in CON steers (Genther and Hansen, 2012) may have assisted in the response to a stressor, 
by potentially improving antioxidant enzyme activities, and allowing for improvements in 
marbling scores. Additionally, MM steers, regardless of previous depletion diet had increased 
activity of Mn-SOD (Genther and Hansen, 2012) and this may have improved the response to the 
heat experienced at the beginning of the repletion period as mentioned previously.  Heat-stressed 
broilers also have increased mitochondrial superoxide production and inefficient mitochondrial 
energy production (Mujahid et al., 2006) that could negatively impact muscle growth and overall 
meat quality and it is possible that increased Mn-SOD may have allowed for improvements in 
muscle and fat deposition in the present study. However, as the heat was unexpected and not a 
part of the experimental design, heat responsive measures were not taken and this potential 
response cannot be quantified. 
In conclusion, although one single TM cannot be identified as the cause of any of the 
individual results of this study, it is clear that adequate TM nutrition is vital for optimum beef 
cattle performance. Trace mineral status of finishing cattle proved to have important impacts on 
growth and carcass characteristics. The results of this study suggest that both the growing and 
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finishing phases of feedlot cattle production are biologically important times for a beef steer to 
have adequate TM status. Additionally, use of a TM injection 91 d prior to harvest helped 
overcome the negative effects of a poor plane of TM nutrition during the growing period on final 
carcass quality, while also improving REA regardless of TM adequacy of the growing diet. The 
mechanisms by which supplementation with Cu, Zn, Mn, and/or Se may be impacting carcass 
characteristics of feedlot cattle remain to be elucidated. Future research is also needed to clarify 
the value of incorporation of a TM injection into a feedlot program, including optimal time for 
delivery.   
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Table 1 Composition of diets during depletion and repletion periods 
 Depletion1 Repletion2 
 CON DEF  
Ingredient % of diet DM 
Corn silage 50 50 15 
Corn dried distillers grains with 
solubles 
20.64 20.57 23.02 
Soyhull pellets 10 10 10 
Dry rolled corn 18 18 50 
Limestone 0.9 0.9 1.51 
Vitamin A premix3 0.11 0.11 0.11 
Salt 0.31 0.31 0.31 
Rumensin904 0.01 0.01 0.01 
Trace mineral premix5 0.001 0.001 0.001 
CON premix6 0.035 -- 0.035 
DEF premix7 -- 0.101 -- 
Calculated composition    
NE (g), Mcal/kg 1.2 1.2 1.3 
CP, % 12.2 12.2 12.8 
 mg/kg of diet DM 
Analyzed8    
Cu 13.8 4.1 12.7 
Fe9 336 610 228 
Mn 43.9 25.7 32.1 
Mo9 0.88 4.85 0.77 
Zn 56.1 33.9 62.3 
1Depletion treatments were: CON = supplemented with 10 mg Cu, 20 mg Mn, 0.1 mg Se, and 30 
mg Zn/kg diet DM; DEF = not supplemented with Cu, Mn, Se, and Zn, but supplemented with 
300 mg Fe and 5 mg Mo/kg diet DM. 
2All cattle received the same diet during the repletion phase. 
3Vitamin A premix contained 4,400,000 IU Vitamin A/kg. 
4Provided 200 mg-1 steer-1d of the ionophore monensin. 
5Provided per kg of diet DM: 0.5 mg I (calcium iodate) and 0.1 mg Co (cobalt carbonate).  
6Provided per kg of diet DM: 10 mg Cu (copper sulfate), 20 mg Mn (manganese sulfate), 0.1 mg 
Se (sodium selenite), and 30 mg Zn (zinc sulfate). 
7Provided per kg of diet DM: 300 mg Fe (FeSO4) and 5 mg Mo (Na2MoO4). 
8Analyzed mineral values reflect diet total, including supplemented mineral. 
9Analysis of overall diet composite samples for Fe and Mo was completed by Dairyland 
Laboratories, Inc (Arcadia, WI). 
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Table 2. Effect of depletion period dietary trace mineral supplementation on depletion period 
growth performance in yearling steers1 
 Treatment  P-value 
Variable CON DEF SEM Diet Time Diet x Time 
BW2,4, kg 374.4 374.7 3.87 0.96 <0.001 0.03 
 d 0 (initial) 311.2 308.4 3.21 0.54 - - 
d 28 355.1 355.1 4.50 0.99 - - 
d 56 398.6 404.5 4.55 0.37 - - 
d 84 (final) 432.9 431.9 4.89 0.89 - - 
DMI4,5, kg/d 10.61 10.14 0.328 0.32 <0.001 0.13 
ADG4, kg/d 1.45 1.47 0.047 0.71 <0.001 0.007 
d 1-28 1.57 1.63 0.101 0.65 - - 
d 29-56 1.56 1.80 0.065 0.01 - - 
d 57-84 1.22 0.98 0.066 0.01 - - 
G:F4 0.141 0.148 0.0085 0.56 <0.001 0.22 
1Means are based on 20 steers per dietary treatment. CON = supplemented with 10 mg Cu, 20 
mg Mn, 0.1 mg Se, and 30 mg Zn/kg diet DM; DEF = not supplemented with Cu, Mn, Se, and 
Zn, but supplemented with 300 mg Fe and 5 mg Mo/kg diet DM. 
2A 4% pencil shrink was applied to all live BW measures, as well as those used in the calculation 
of ADG and G:F. 
3Final BW is from d 83 and 84 of the experiment. 
4LSmeans are based on overall repeated measures analysis from d 0 through 84 in the depletion 
period. 
5DMI was averaged on a weekly basis prior to statistical analysis.
  
157
Table 3. Effects of depletion dietary trace mineral supplementation and repletion saline or trace 
mineral injection on repletion period performance of yearling steers11 
 Treatments   
 CON DEF  P-value 
Variable SAL MM SAL MM SEM Diet Injection D × I2 
Live measures         
Initial BW3,4, 
kg 
424.4 428.8 416.0 424.7 6.72 0.36 0.33 0.76 
Final BW4, kg 544.5 549.4 537.1 548.0 9.15 0.64 0.40 0.74 
Repeated 
measures5 
        
BW4,6, kg 477.7 482.2 466.0 484.6 8.93 0.61 0.20 0.43 
ADG6, kg/d 1.32 1.31 1.24 1.46 0.068 0.59 0.13 0.10 
DMI7, kg/d 9.94 9.88 9.06 9.85 0.294 0.13 0.22 0.15 
G:F6 0.132 0.132 0.139 0.145 0.0062 0.14 0.63 0.64 
Carcass adjusted 
measures8 
        
Final BW, kg 547.1 548.5 533.3 551.1 10.21 0.59 0.35 0.43 
ADG, kg/d 1.28 1.33 1.30 1.49 0.065 0.17 0.08 0.28 
G:F 0.133 0.133 0.143 0.150 0.0058 0.03 0.49 0.59 
1Means are based on 10 steers per diet × injection treatment combination. Depletion period 
dietary treatments included control (CON): supplemented with 10 mg Cu, 20 mg Mn, 0.1 mg Se, 
and 30 mg Zn/kg diet DM and deficient (DEF): not supplemented with Cu, Mn, Se, and Zn, but 
supplemented with 300 mg Fe and 5 mg Mo/kg diet DM; Cattle received either sterilized saline 
solution (1 mL/68 kg BW; SAL) or Multimin 90 (1 mL/68 kg BW; MM) on d 1 of the repletion 
period. 
2D × I represents the interaction between diet (D) and injection (I). 
3Initial BW measures are from d 90 and 91 of the experiment. 
4A 4% pencil shrink was applied to all live BW measures, as well as in the calculation of ADG 
and G:F. 
5LSmeans are based on repeated measures.  
6Day: P < 0.001, and all interactions including Day: P > 0.20. 
7DMI was averaged by week prior to repeated measures analysis, Week: P < 0.001, Diet × 
Week: P < 0.001, Injection × Week and Diet × Injection × Week: P > 0.15. 
8Carcass-adjusted performance was calculated by dividing HCW with the average dressing 
percentage (62.8%). 
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Table 4. Effects of depletion dietary trace mineral supplementation and repletion saline or trace 
mineral injection on carcass characteristics of yearling steers1 
 Treatments   
Diet CON DEF  P-value 
Injection SAL MM SAL MM SEM Diet Injection D × I2 
         
HCW, kg 343.8 344.7 335.2 346.3 6.59 0.59 0.36 0.43 
Dressing 
percentage, % 
62.9 62.8 63.3 63.0 0.001 0.56 0.74 0.82 
Yield grade 3.28 2.95 2.98 3.12 0.107 0.54 0.35 0.03 
Ribeye area, 
cm2 
78.19 80.72 77.20 80.14 1.304 0.55 0.04 0.87 
KPH 2.55 2.06 2.50 2.35 0.114 0.29 0.008 0.14 
Backfat, cm 1.26 1.07 1.17 1.17 0.063 0.87 0.13 0.13 
Marbling 
score3 
558 588 509 550 15.9 0.01 0.04 0.72 
 
1Means are based on 10 steers per diet × injection treatment combination. Depletion period 
dietary treatments included control (CON): supplemented with 10 mg Cu, 20 mg Mn, 0.1 mg Se, 
and 30 mg Zn/kg diet DM and deficient (DEF): not supplemented with Cu, Mn, Se, and Zn, but 
supplemented with 300 mg Fe and 5 mg Mo/kg diet DM; Cattle received either sterilized saline 
solution (1 mL/68 kg BW; SAL) or Multimin 90 (1 mL/68 kg BW; MM) on d 1 of the repletion 
period. 
2D × I represents the interaction between diet (D) and injection (I). 
3Marbling scores:  slight:  300, small:  400, modest:  500. 
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Table 5 Effect of depletion dietary trace mineral supplementation and repletion saline or trace 
mineral injection on quality grade distribution of yearling steers1 
 Treatments    
 CON DEF P-Value 
 SAL MM SAL MM Diet Injection D × I2 
USDA QG3, %        
Prime 10 0 0 0 0.23 0.23 0.99 
Choice 70 100 60 100 0.99 0.001 0.99 
High 10 0 0 0 0.23 0.23 0.99 
Average 30 30 0 10 0.02 0.26 0.26 
Low 30 70 60 90 0.08 0.02 0.95 
Select 20 0 40 0 0.99 0.003 0.99 
High 20 0 30 0 0.99 0.006 0.99 
Low 0 0 10 0 0.23 0.23 0.99 
1Means are based on 10 steers per diet × injection treatment combination. Depletion period 
dietary treatments included control (CON): supplemented with 10 mg Cu, 20 mg Mn, 0.1 mg Se, 
and 30 mg Zn/kg diet DM and deficient (DEF): not supplemented with Cu, Mn, Se, and Zn, but 
supplemented with 300 mg Fe and 5 mg Mo/kg diet DM; Cattle received either sterilized saline 
solution (1 mL/68 kg BW; SAL) or Multimin 90 (1 mL/68 kg BW; MM) on d 1 of the repletion 
period. 
2D × I represents the interaction between diet (D) and injection (I). 
3Quality grades are based on percentages within treatment.
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CHAPTER 6. 
EFFECT OF A MULTI-ELEMENT TRACE MINERAL INJECTION PRIOR TO 
TRANSIT STRESS ON INFLAMMATORY RESPONSE, GROWTH PERFORMANCE, 
AND CARCASS CHARACTERISICS OF BEEF STEERS 
 
A paper submitted to The Journal of Animal Science 
 
O. N. Genther and S. L. Hansen 
 
ABSTRACT: Ninety-eight weaned calves (256 ± 11.5 kg) were used to evaluate the impact of a 
multi-element trace mineral (TM) injection prior to transit on performance, markers of the 
inflammatory and stress responses, and post-shipping growth performance. On d 0 of a 28 d 
preconditioning program calves received a TM injection (MM; n = 48) or physiological saline 
(SAL; n = 48). On d 28, all steers were weighed, half of the steers from each treatment were 
trucked for a 20 h transit stress period (SHIP; n = 24 per injection treatment), and half of the 
steers returned to their pens without access to feed or water for 20 h (NS; n = 24 per injection 
treatment). The SHIP steers were unloaded on d 29 and all steers (SHIP and NS) were 
immediately weighed, and sorted into new pens (n = 4 steers per pen) for the growing period. At 
the start of finishing (d 113), steers received a second injection of MM or SAL, resulting in a 2 x 
2 x 2 factorial design (n = 12 steers per treatment combination). Blood samples were collected on 
d 28, 29, and 34, and liver samples were collected on d 22 and 40. The initial TM injection 
increased liver Cu, Se, and Zn concentrations of cattle (P ≤ 0.02), but did not affect ADG during 
preconditioning (P = 0.89), or BW shrink as a result of transit (P ≥ 0.52). Plasma Fe 
concentrations were decreased after the transit stress period in SHIP calves (P ≤ 0.05) relative to 
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NS, but recovered 5 d post-transit, and serum interleukin-8 concentrations were greater in SAL-
SHIP steers than MM-SHIP steers (P = 0.04). Improving TM status through TM injection caused 
steers to have lesser ADG (P = 0.03) during the 14 d period after transit (d 29 through 43), but 
did not affect growth during the growing period (d 5 through 112; P ≥ 0.40). There were minimal 
effects on finishing performance and carcass characteristics, but there was an interaction between 
initial injection, transit treatment, and second injection (P ≤ 0.02) where SAL-NS-MM steers had 
the greatest yield grade (YG) and smallest ribeye area (REA), and SAL-SHIP-MM steers had 
the least YG and largest REA. Overall, a TM injection 28 d prior to transit, or feed and water 
restriction, did not affect the inflammatory response, or plasma TM concentrations, but 
decreased growth performance in the 14 d period post-transit. Trace mineral injection had limited 
effects on overall growth performance and carcass characteristics, likely because of the excellent 
TM status of the steers prior to the start of the study.  
 
Introduction 
 
Feed and water deprivation and physiological stress associated with transit of cattle can 
cause BW loss (Hutcheson and Cole, 1986) and decrease growth after transit (Kegley et al, 1997; 
Marques et al., 2012).  Transit also increases serum malondialdehyde concentrations (a marker of 
lipid peroxidation) and decreases serum total antioxidant capacity up to 28 d post-transit (Chirase 
et al., 2004), indicating that transit increases oxidative stress and may leave cattle vulnerable to a 
disease challenge. Trace minerals (TM) are important cofactors for many antioxidant enzymes 
(Suttle, 2010), thus TM status may play a critical role in the stress and inflammatory responses.  
In previous research, mildly TM deficient steers tended to lose more weight during transit 
than steers with adequate TM status, and shipping loss was negatively correlated with liver Cu 
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and Se concentrations (Genther and Hansen, 2014b). Trace mineral injection can rapidly increase 
liver Cu and Se concentrations (Genther and Hansen, 2014a), and increase the activity of at least 
two critical antioxidant enzymes, Mn-superoxide dismutase (Genther and Hansen, 2014a), and 
glutathione peroxidase (Pogge et al., 2012). Newly received cattle often eat less, and limited TM 
intake may decrease overall TM status. However, preconditioning of cattle may minimize the 
effects of transit (Duff and Galyean, 2007), preventing the additional stress of weaning from 
occurring at the same time as transit, and possibly altering TM status through TM fortified 
rations. The objective of this study was to determine the influence of a TM injection 28 d prior to 
transit on BW loss and markers of stress and inflammation, as well as post-transit growth. A 
secondary objective was to determine how a TM injection given at the beginning of the 
preconditioning period and a second injection at re-implant time (80 d prior to harvest) would 
affect carcass characteristics of growing and finishing steers.  
 
Materials and Methods 
 
All procedures and protocols were approved by the Iowa State University Institutional Animal 
Care and Use Committee (log number 7-13-7602-B).  
 
Preconditioning period. This experiment was conducted at the Iowa State University Beef 
Nutrition Research center in Ames, IA. The overall experimental schedule can be found in Table 
1. Ninety-six Angus-crossbred steers were purchased from a single source, weaned, and 
immediately loaded onto a tractor-trailer and shipped to Ames, IA. Forty-eight hours after arrival 
at Iowa State University, consecutive weights were collected on d -1 and 0, and on the second 
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day (d 0 of the study) steers were stratified by BW (256 ± 11.5 kg initial BW) into one of 4 pens. 
Steers received one of two initial injection (Inj1) treatments (n = 2 pens and 48 steers per 
treatment), TM injection (Multimin90; MM) or sterilized physiological saline (SAL) at a rate of 
1 mL/45.4 kg of BW. Steers were vaccinated with Vision 7 Somnus (clostridial bacterin-toxoid 
and Haemophilus somnus; Merck Animal Health, Summitt, NJ), Bovishield Gold 5 (infectious 
bovine rhinotracheitis virus, type I and II bovine virus diarrhea, parainfluenza 3, and bovine 
respiratory syncytial virus; Zoetis, Kalamazoo, MI), and Nuplura PH (Mannheimia haemolytica, 
Novartis Animal Health US, Inc., Greensboro, NC) 14 d prior to arrival. At the initiation of the 
study steers received a booster vaccine of Bovishield Gold 5 (Zoetis, Kalamzoo, MI) and were 
dewormed with eprinomectin (Eprinex, Merial Ltd., Iselin, NJ) and identified with a unique ear 
tag. Steers were fed a common corn-silage based diet (Table 1) for 28 d (denoted as the 
preconditioning period). Steers were fed ad libitum throughout the entire experiment. Bunk 
scores were recorded daily, and bunks were managed using a modified slick bunk system as 
detailed by Drewnoski et al. (2014). On d 22, liver biopsies for TM determination were collected 
from 48 randomly selected steers (24 per treatment, 12 per pen). Liver biopsies were also taken 
on day 1 from 14 steers purchased from the same source, that were not enrolled in the 
experiment, to establish an approximation of TM status of the steers prior to start of the study. 
 
Transit Period. On day 28, steers were separated into additional treatments to create a 2 × 2 
factorial design of Inj1 and shipping (transit) treatments (Trans). One pen from each treatment 
(n = 24 steers per treatment) was randomly selected for shipment and was trucked for 20 h (1,675 
km; SHIP), while the remaining 48 steers (n = 24 per treatment) stayed at the Iowa State 
University Beef Nutrition Farm, but were withheld from feed and water to serve as non-shipped 
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controls (NS). All pens received the same amount of feed at 0700 h on d 28 (approximately 25% 
of DMI). At approximately 1000 h, immediately prior to shipping, all steers were weighed and 
had rectal temperatures collected, and blood samples were collected from the same 48 steers that 
were previously biopsied for liver TM analysis (n = 24 per treatment, 12 per pen). After weights 
and samples were collected SHIP steers were loaded onto a tractor-trailer (1100 h) and NS steers 
returned to their pens, without access to feed and water. Steers were received back to the Iowa 
State University Beef Nutrition Research Center at 0700 h on d 29, and BW and rectal 
temperatures were again collected from all steers, while blood was again collected from the same 
48 sampling steers. Steers were then re-sorted into new pens in a separate barn, with 4 steers per 
pen (n = 6 pens per Inj1 × Trans treatment combination) and began receiving a growing diet 
(Table 1).  
 
14 d post-shipping period and growing period. On d 34 (5 d post-shipping), steers were 
weighed, and blood samples from the 48 sampler steers were collected and on d 40 liver biopsy 
samples for TM analysis were also collected from the same sampler steers. To determine the 
effect of transit stress on short-term steer growth performance all steers were withheld from feed 
and water for 20 h and weighed on the morning of d 43 (14 d post-shipping). The growing period 
was considered the period from d 34 through d 112. Steers were implanted with Component E-S 
with Tylan (VetLife, Ivy Animal Health, Inc., Overland Park, KS) on d 57. Body weights during 
the growing period were collected on d 34, 57, 85, 112, and 113 of the experiment. On d 85 
steers began the first of 4, 7-d step-up diets, where corn gradually replaced corn silage, to 
transition steers to the final finishing diet, which began on d 113 (Table 1). 
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Finishing period. On d 113 steers were randomly assigned within previous treatments to a 
second injection (Inj2) of either TM (Multimin90) or sterilized saline, at a rate of 1 mL/68 kg 
BW. This created a 2 × 2 × 2 factorial design of Inj1, Trans, and Inj2 with 12 steers per treatment 
combination). Weights were taken on d 141, 169, and on d 192, and 193 at the end of the 
experiment. Steers were implanted with Component TE-IS with Tylan (VetLife, Ivy Animal 
Health, Inc., Overland Park, KS) on d 113. On d 193, steers were shipped to a commercial 
abattoir in Denison, IA (Tyson Fresh Meats), where steers were harvested and HCW data were 
collected. After a 24 h chill, carcasses were ribbed between the 12th and 13th ribs and graded 
according to USDA standards. Carcass data were collected at the plant by representatives of the 
Tri-County Carcass Futurity (Iowa State University Beef Extension, Lewis, IA) who were 
masked to treatment. Data collected included REA, 12th rib back fat (BF), KPH, MS, quality 
grade (QG), and yield grade (YG).  
 
Feed and Tissue Sampling. Samples of the diet total mixed ration (TMR) were collected 
weekly, and dried in a forced air oven at 70°C for 48 h for DM determination. Steer DMI was 
calculated using as-fed intakes corrected for DM of weekly diet samples. Feed efficiency (G:F) 
was calculated from the total gain and total DMI monthly as determined by weighing intervals. 
Diet samples were ground through a 2 mm screen in a Wiley Mill (Thomas Scientific, 
Swedesboro, NJ), and samples were composited by treatment by month for TM analysis. 
 Jugular blood samples were collected into potassium EDTA vacuum tubes for plasma 
TM analysis (7 mL), potassium EDTA vacuum tubes for whole blood collection (4 mL), sodium 
heparin vacuum tubes for plasma collection (10 mL), and non-additive vacuum tubes for serum 
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collection (10 mL; Becton, Dickinson, and Co, Franklin Lakes, NJ). Liver biopsy samples were 
collected for TM analysis using the method of Engle and Spears (2000). 
 
Tissue Analysis. Blood samples were spun at 1,200 × g for 10 min at 4°C and serum or plasma 
were harvested and stored at -80°C until analysis. Liver samples were dried in a forced air oven 
at 70°C and digested using TM grade nitric acid before mineral analysis (CEMS MARSXpress, 
Matthews, NC) as described by Richter et al. (2012). Liver and plasma mineral concentrations 
were determined as described by Pogge et al. (2012) using inductively coupled plasma mass 
spectroscopy (PerkinElmer, Waltham, MA). Whole blood samples were analyzed at the Clinical 
Pathology Laboratory at Iowa State University (Ames, IA) for a complete blood count and 
automated differentiation of white blood cells after collection. A serum aliquot was sent to the 
Kansas State University Diagnostic Laboratory (Manhattan, KS) for serum haptoglobin analysis 
using the method described by Smith et al. (1998). Serum interleukin-8 (IL-8) concentrations 
were analyzed using a commercial ELISA kit shown to cross-react with bovine samples 
(Quanitkine ELISA, Human CXCL8/IL-8, R & D Systems, Minneapolis, MN; Catalog number: 
D8000C). Plasma ceruloplasmin concentrations were analyzed using the method of Houchin 
(1958). Plasma cortisol concentrations were analyzed using a commercially available bovine 
cortisol ELISA kit (Bovine cortisol ELISA test kit, Endocrine Technologies, Newark, CA; 
Catalog number: ERK A1004). 
 
Statistical analysis. Data were analyzed using the MIXED procedure of SAS 9.2 (SAS Institute, 
Inc, Cary, NC). Data for the preconditioning period were analyzed as a completely randomized 
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design. The statistical model included the fixed effect of individual steer Inj1 (SAL or MM). 
Initial BW was used as a covariate in analysis of ending BW. 
Data for the transit stress period, the 14 d post-transit period, and the growing period 
were analyzed as a 2 × 2 factorial, where the statistical model included the fixed effects of Inj1 
(SAL or MM) and Trans (NS or SHIP). One steer died just prior to the start of the growing 
period (SAL-SHIP), of causes unrelated to treatment, and his data were excluded from the study. 
The models for 14 d post-shipping period DMI, and growing period DMI, BW, ADG, and G:F 
included day as the repeated effect, and the subject for the repeated statement was steer nested 
within Inj1 by Trans. Pre-transit rectal temperature was used as a covariate in the analysis of 
post-transit rectal temperature. Initial BW for the 14 d post-transit period, and the growing 
period, were used in covariates in the analysis of ending BW for each period, respectively. 
Data for the finishing period were analyzed as a 2 × 2 × 2 factorial, where the statistical 
model included the fixed effects of Inj1 (SAL or MM), Trans (NS or SHIP), and Inj2 (SAL or 
MM). One steer died during the finishing period (MM-SHIP-MM), of causes unrelated to 
treatment, and his data were excluded from analysis. Day was the repeated effect finishing period 
DMI, BW, ADG and G:F data analysis, and the subject was steer nested within Inj1 by Trans by 
Inj2.  Initial BW for the finishing period was used as a covariate in analysis of final BW.  
The experimental unit for all phases was steer, except for DMI and G:F where the 
experimental unit was pen. Ante-dependence 1 (ANTE[1]) was selected as the covariance 
structure for analysis of all blood analyte data, and autoregressive 1 (AR[1]) covariance structure 
was utilized for all performance variables based on the lowest AICc (Akaike information 
criterion). Data were checked for normalcy and homogeneity of variance, and a natural log 
transformation was necessary for serum haptoglobin concentrations, but data presented are back-
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transformed. Outliers were determined using Cook’s D statistic and removed if Cook’s D > 0.5. 
The data reported are least-squared means ± SEM. Significance was declared at P ≤ 0.05 and 
tendencies were declared from P = 0.06 to 0.10. 
 
Results 
 
Preconditioning period. Preconditioning period performance was unaffected by injection (P ≥ 
0.28; average DMI, ADG, G:F and ending BW were 3.6 ± 0.08 kg, 1.55 ± 0.054 kg/d, 0.240 ± 
0.005, and 299 ± 1.5 kg, respectively, across all treatments). Average initial TM status, as 
assessed by liver TM concentrations of contemporary steers not included in the experiment, was 
238 ± 66.7 mg Cu, 179 ± 37.2 mg Fe, 9.1 ± 1.22 mg Mn, 1.7 ± 0.32 mg Se, and 143 ± 35.2 mg 
Zn/kg liver DM. Liver concentrations of Cu (P = 0.005; Table 3), Se (P < 0.0001), and Zn (P = 
0.02) were increased by MM compared with SAL as measured 22 d post-injection. Liver Mn 
concentrations (P = 0.22) were not affected by injection.  
 
Transit stress period. Neither Inj1 (P = 0.89), Trans (P = 0.19), nor the interaction (P = 0.88), 
affected BW following the transit stress period (Table 4). However, there was an interaction 
between Inj1 and Trans (P = 0.05) in percent shrink, where SAL-NS steers had lesser shrink than 
SAL-SHIP (P < 0.0001) and MM-SHIP steers (P = 0.003), but were not different from steers 
MM-NS steers (P = 0.11). Interestingly, there was no difference in shrink between SHIP and NS 
steers that received MM (P = 0.15).  There was no interaction between Inj1 and Trans on rectal 
temperature at the end of the transit stress period (P = 0.95), but steers that received MM had 
greater rectal temperatures regardless of shipping treatment (P = 0.03), and SHIP steers had 
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greater rectal temperatures than NS steers (P = 0.01). There was no effect of Inj1 on change in 
rectal temperature during the transit period, but SHIP cattle had a lesser change than NS cattle (P 
= 0.03). 
There was an interaction between Trans and Inj1 on liver Cu concentrations (P = 0.009; 
Table 5) measured 40 d post-injection (12 d post-transit). The Trans did not affect liver Cu 
concentrations of steers that initially received SAL (P = 0.13), but MM-SHIP steers had lesser 
liver Cu concentrations than MM-NS steers (P = 0.02). However, liver Cu concentrations of 
MM-SHIP steers were not different from either SAL-SHIP or SAL-NS steers (P ≥ 0.17). A 
similar trend was observed within liver Se concentrations, where there was an interaction 
between Inj1 and Trans (P = 0.02). The MM-SHIP steers tended to have lesser liver Se 
concentrations than MM-NS steers (P = 0.097), and there was a tendency for SAL-SHIP steers to 
have greater liver Se concentrations than SAL-NS steers (P = 0.07). The MM steers had greater 
liver Cu (P = 0.01), Se (P < 0.0001), and tended to have greater liver Zn concentrations (P = 
0.07) than SAL steers. 
 
Blood trace mineral profile. Plasma Mn concentrations were unaffected by Inj1 (4.3 and 3.6 ± 
0.40 µg/L for MM and SAL, respectively; P = 0.22) or transit (4.3 and 3.6 ± 0.40 µg/L for SHIP 
and NS, respectively; P = 0.25). There was a tendency for an interaction between Inj1, Trans, 
and day of sampling (P = 0.08) for plasma Fe concentrations (Fig. 1), mainly driven by the two-
way interaction between Trans and day of sampling (P < 0.0001) where SHIP steers had 
decreased plasma Fe concentrations immediately after shipping relative to NS steers. There was 
a three-way interaction between Inj1, Trans, and day of sampling (P = 0.04) in plasma Se, driven 
by the differences prior to transit, where SAL-SHIP had lesser plasma Se concentrations than 
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SAL-NS steers (P = 0.001), while MM-SHIP and MM-NS were not different (P = 0.74). There 
was a tendency for a three-way interaction in plasma Cu concentrations between Inj1, Trans, and 
day of sampling (P = 0.06), influenced by the interaction between Trans and day (P = 0.007), 
where plasma Cu concentrations in the SHIP steers increased from pre-transit to immediately 
post-transit (P = 0.01) while plasma Cu concentrations during this time did not differ among NS 
steers (P = 0.12).  A tendency for an interaction between Inj1, Trans, and day of sampling in 
plasma Zn concentrations (P = 0.07), was also driven by a tendency for an interaction between 
Trans and day (P = 0.08), where the SHIP steers had lesser plasma Zn concentrations than NS 
steers prior to shipping, but there was no difference between SHIP and NS immediately post-
transit, or 5 d post-transit (P ≥ 0.17).  
 
Complete blood count. There was a Trans by day interaction (P = 0.02; Table 6) within blood 
leukocyte count data where there was no difference between SHIP and NS steers pre-transit, or 5 
d post-transit, but there was a numerical trend (P = 0.15) for SHIP steers to have greater 
leukocyte counts than NS steers immediately post-shipping. This is reflected in the Trans × day 
interaction (P = 0.001; Table7) within the neutrophil numbers, where there was no difference 
between SHIP and NS steers pre-shipping (P = 0.77), and 5 d post-shipping (P = 0.12), but SHIP 
steers had greater blood neutrophils than NS steers (P = 0.02) immediately post-shipping. There 
was no effect of Inj1 or Trans or any associated interactions on blood lymphocyte or monocyte 
counts (P ≥ 0.26), but there was an effect of day, where, regardless of Inj1 or Trans, all steers 
had lesser blood lymphocytes immediately post-shipping (6.84 ± 0.236 cells × 103/µL), relative 
to pre-shipping (7.82 ± 0.239 cells × 103/µL) and 5 d post-shipping numbers (7.58 ± 0.218 cells 
× 103/µL; P < 0.0001). There was an effect of day on blood monocytes (P < 0.0001), where all 
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steers had lesser blood monocytes immediately post-shipping (0.50 ± 0.018 cells × 103/µL; P < 
0.001) relative to pre-transit (0.54 ± 0.017 cells × 103/µL) and 5 d post-transit (0.63 ± 0.029 cells 
× 103/µL). The SHIP steers had greater blood eosinophils than NS steers (P = 0.06; Table 6), and 
there was a tendency for an Inj1 × day interaction (P = 0.10) where MM steers had greater blood 
eosinophil numbers than SAL steers immediately after shipping (P = 0.03), but were not 
different pre-shipping (P = 0.41) or 5 d post-shipping (P = 0.60).  There was also an interaction 
between Trans and day in blood basophil counts (P = 0.04; Table 6), although individual mean 
comparisons did not reveal any differences between treatments (P ≥ 0.18). The Inj1 × Trans × 
day interaction was similar within erythrocyte count, hemoglobin concentration and hematocrit 
(P ≤ 0.01), where all steers, regardless of treatment had increased blood erythrocytes, 
hemoglobin, and hematocrit immediately post-transit (P < 0.0001; data not shown).  
 
Inflammatory and stress response markers. There was no effect of Inj1, Trans, or day on 
plasma ceruloplasmin concentrations (P ≥ 0.13; data not shown). There was no effect of Inj1 or 
Trans on serum haptoglobin concentrations (P ≤ 0.51), but there was an effect of day (P < 
0.0001), where all steers, regardless of treatment had increased serum haptoglobin concentrations 
immediately post-shipping (11.3 ± 0.66 mg/dL; P = 0.0001) relative to pre-shipping 
concentrations (3.8 ± 0.41 mg/dL), and were decreased 5 d post-shipping relative to immediately 
post-shipping (7.6 ± 0.50 mg/dL; P = 0.0001). There was a tendency for an Inj1 × Trans 
interaction (P = 0.06) within serum IL-8 concentrations (Fig. 2), where throughout the transit and 
5 d post-transit period, MM-SHIP steers had lesser serum IL8 concentrations than SAL-SHIP 
steers (P = 0.04) and tended to have lesser serum IL-8 concentrations than SAL-NS steers (P = 
0.07). Finally, there was a tendency for a Trans × day interaction within plasma fibrinogen 
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concentrations (P = 0.10), where SHIP steers had lesser plasma fibrinogen concentrations (375 
±27.1 mg/dL) than NS steers (460 ± 28.5 mg/dL; P = 0.04) prior to shipping, but were not 
different from NS steers immediately post-shipping (729 ± 57.6 and 615 ± 57.6 mg/dL, 
respectively; P = 0.17), or 5 d post-shipping (532 ± 38.3 and 579 ± 37.4 mg/dL, respectively; P = 
0.39). All steers had increased plasma fibrinogen immediately post-shipping (672 ± 40.8 mg/dL) 
relative to pre-shipping values (418 ± 19.7 mg/dL; P = 0.0001), and concentrations decreased 
from immediately post-shipping to 5 d post-shipping (556 ± 26.8 mg/dL; P = 0.02), but were still 
greater than d 0 values (P = 0.0001). There was also an Inj1 × Trans × day interaction (P = 0.05) 
for plasma cortisol (Fig. 2), where MM steers regardless of transit treatment had relatively static 
plasma cortisol concentrations in response to transit or feed and water restriction (P ≥ 0.29), and 
there was no difference in plasma cortisol concentrations of SAL-SHIP immediately after 
shipping (P = 0.29). In contrast, SAL-NS steers had increased plasma cortisol concentrations 
after the transit stress period, relative to pre-transit stress period values (P = 0.003). 
 
14 d post-transit performance. There was no difference in BW immediately after the transit 
period for any treatments (P ≥ 0.19; Table 7). However, MM steers had lesser ADG (P = 0.02) 
and ending BW (P = 0.03) than SAL steers, as measured 14 d post-transit after 20 h of feed and 
water deprivation. There was a numerical decrease in DMI of MM steers (P = 0.12) that likely 
contributed to the difference. Transit treatment did not affect 14 d post-transit ADG, DMI, or 
ending BW (P ≥ 0.19). There was no difference in G:F between Inj1 or Trans treatments (P ≥ 
0.17). 
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Growing period. There was no effect of either Inj1 or Trans on any growth performance 
variables (P ≥ 0.12; Table 7). Ending BW, measured on d 112 and 113, was not different (P = 
0.72) due to treatments. 
 
Finishing period. Similar to the growing period, there was no influence of Inj1 (P ≥ 0.31), Trans 
(P ≥ 0.21), or Inj2 as administered on d 113 (P ≥ 0.57) on growth performance (Table 9). 
However, there was a tendency for an interaction (P = 0.06), and an interaction (P = 0.05) 
between Inj1 and Inj2 on finishing period ADG and ending BW, respectively. There was no 
difference in ADG of ending BW between steers that received either MM or SAL for both Inj1 
and Inj2 (P = 0.75), or steers that received MM initially, and SAL later (P ≥ 0.32). Steers that 
received SAL as Inj1 and MM as Inj2 did not differ (P ≥ 0.26) in ADG or final BW from steers 
receiving MM as Inj1 and SAL as Inj2; however, SAL-MM steers had lesser finishing ADG and 
final BW than steers that received two injections of MM (P ≤ 0.05) or SAL (P ≤ 0.08).  
 
Carcass characteristics. Hot carcass weight was not affected by treatment (P = 0.12; Table 9). 
There was a tendency for a three-way interaction (P = 0.08) in BF between Inj1, Trans, and Inj2, 
as the result of a tendency for less BF in SAL-MM steers that were shipped, relative to SAL-MM 
steers that were not shipped (P = 0.07), while other treatment comparisons did not differ (P > 
0.10).  There was also a three-way interaction in YG (P = 0.007) between Inj1, Trans, and Inj2. 
There was no difference in YG among MM-SHIP-MM, MM-SHIP-SAL, MM-NS-SAL, SAL-
SHIP-SAL, and SAL-NS-MM, but all differed from SAL-SHIP-MM (P ≤ 0.05), while other 
individual comparisons did not differ (P ≥ 0.10). Unsurprisingly, this trend was reversed within 
REA, with a three-way interaction (P = 0.01) between Inj1, Trans, and Inj1 where REA in MM-
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SHIP-MM, MM-NS-SAL, and SAL-NS-MM steers did not differ (P > 0.10) but all had smaller 
REA than SAL-SHIP-MM steers (P ≤ 0.05), while other individual comparisons did not differ (P 
> 0.10). Interestingly, steers that received SAL as the second injection had lesser KPH than 
steers that received MM as the second injection (P = 0.05). Injection and transit treatments did 
not impact MS or QG (P ≥ 0.17). 
 
Discussion 
 
Disparities among locations of cow calf production and feedlots make shipping a 
necessity in the beef cattle industry. However, stress associated with transit, including feed and 
water deprivation, can cause shrink (Hutcheson and Cole, 1986; Gonzalez et al., 2012), increase 
circulating acute phase proteins (Marques et al., 2012; Cooke et al., 2013), and increase 
circulating markers of oxidative stress (Chirase et al., 2004). Stressed cattle have lesser DMI 
upon arrival at the feedlot (Ceciliani et al., 2012) and are more susceptible to bovine respiratory 
disease (BRD), also known as ‘shipping fever’ (Camp et al., 1981), which is the greatest health 
problem in the US beef cattle industry (Duff and Galyean, 2007). Because of the expected 
decreased DMI of stressed calves, the NRC (2000) recommends increasing TM concentrations in 
receiving diets to approximately 150% of non-stressed cattle requirements to maintain adequate 
TM consumption. Preconditioning of cattle, including weaning, vaccination, and becoming 
accustomed to bunk-style feeding and water troughs, can be an effective way to decrease 
morbidity in the feedlot and increase value of calves (Duff and Galyean, 2007). This may also be 
an ideal time to improve the TM status of cattle prior to shipment to the feedlot, potentially 
improving feedlot performance.    
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Steers in the current experiment experienced similar BW shrink to calves experiencing 
long haul transport according to González et al. (2012). However, there was no impact of Inj1 on 
% BW shrink within SHIP steers. It was hypothesized that providing TM through injection prior 
to transit may improve performance, and decrease BW loss. Previous research revealed that mild 
TM deficiency after a 90 d depletion period where steers were not supplemented with Cu, Mn, 
Se, and Zn, caused steers to lose more weight after transit for 20 h than steers that had received 
adequate dietary TM supplementation (Genther and Hansen, 2014b). After transit, those mildly 
deficient steers that received a TM injection had improved growth performance and carcass 
characteristics relative to mildly deficient steers that did not receive TM injection. Contrary to 
the previous study, steers in this experiment had adequate Cu status, and above adequate Se 
status based on liver concentrations, which may explain the difference in responses between 
Genther and Hansen (2014b) and this study. It appears that deficiencies of Cu and Se in cattle 
influence the stress response to transit; however, the relationship between Se status and stress has 
not been investigated, and the impact of Cu and Se cannot be separated due to experimental 
design. As the value of TM injection is to rapidly improve TM status, the greatest benefit would 
likely be observed when utilized in cattle with mild to moderate deficiencies.  
Liver TM concentrations from steers in the present study indicate these cattle were well 
within the adequate or high adequate range of status for Cu, Mn, Se and Zn as reported by both 
Kincaid (2000) and Herdt and Hoff (2011), prior to the start of the trial. Previous research has 
shown that TM injection rapidly increases liver concentrations of Cu and Se in cattle through at 
least 30 d post-injection relative to steers treated with saline (Pogge et al., 2012, Genther and 
Hansen, 2014a) which is consistent with this experiment. Surprisingly, TM injection also 
increased liver Zn concentrations. Liver Zn is generally a poor indicator of Zn status (Herdt and 
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Hoff, 2011), and previous research with the same TM injection has produced inconsistent results, 
with one study finding a slight increase in liver Zn concentration (based on repeated measures 
from 1, 8, and 15 d post-injection; Pogge et al., 2012), and another finding no difference due to 
injection (Genther and Hansen, 2014a). 
The MM-SHIP steers had lesser liver Cu and Se concentrations than MM-NS steers post-
transit. However, this is likely because cattle randomly assigned to transit treatments within the 
MM group had slightly different liver Cu and Se concentrations prior to transit (312 ± 19.0 mg 
Cu, 4.0 ± 0.11 mg Se and 344 ± 19.0 mg Cu, 3.8 ± 0.11 mg Se/kg liver DM for MM-SHIP and 
MM-NS, respectively). The liver concentrations of Fe, Mn, Se, and Zn were lesser after transit 
stress relative to pre-transit concentrations. Although MM steers appear to have lost more TM 
during the transit period, this is likely an artifact of the length of time from injection. The post-
transit biopsy samples were collected 40 d post-injection, and previous work has indicated that 
cattle given a TM injection had greater liver Cu and Se concentrations than saline treated calves 
at 30 d post-injection, but were not different from saline treated calves 60 d post-injection 
(Genther and Hansen, 2014a). Liver TM concentrations likely decrease over time as stores are 
utilized for biological functions or are excreted (Pogge et al., 2012; Genther and Hansen, 2014a). 
Steers overall had relatively high rectal temperatures prior to shipping, perhaps related to 
the time of truck loading and ambient temperature (1100 h; 25°C), which led to a rectal 
temperature decrease over the transit period. Overall steer rectal temperature decreased 0.65 ± 
0.42°C during the transit stress period, and was greater in NS steers, but rectal temperature 
change was not affected by increased TM status. 
Plasma cortisol was unchanged in response to transit or feed and water restriction in all 
treatments except for SAL-NS steers, which had increased plasma cortisol after the transit 
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period. In general plasma cortisol will increase in response to a stressor such as transit or feed 
restriction (Marques et al., 2012), although other studies have also found a lack of cortisol 
response to transit (Galyean et al., 1981). The minimal changes in plasma cortisol concentrations 
appear to be unrelated to TM injection. Despite the lack of plasma cortisol changes, calves had a 
near 3-fold increase in plasma haptoglobin, and a 75% increase in plasma fibrinogen, indicating 
that they experienced a physiological response to transit or feed and water restriction. Calves in 
the current study had previously experienced both weaning and transit stress (approximately 8 h), 
30 d prior to the transit stress experienced in this experiment. The previous exposure to stress 
may have prepared calves for the subsequent transit stress period in this experiment, resulting in 
the variable and somewhat limited response observed in this study.  
The majority of the acute phase proteins measured in this study were increased in 
response to both transit and feed and water restriction, which is consistent with other studies 
(Marques et al., 2012; Cooke et al., 2013). There was no evidence to suggest that TM injection 
had an impact on the inflammatory or stress response in cattle subjected to either transit stress or 
feed and water restriction. This is in contrast to previous research where calves that received a 
TM injection 150 and 50 days prior to transit mounted a greater acute phase response than calves 
that did not receive a TM injection (Arthington et al., 2014). This response was characterized by 
an approximately 16% increase in peak plasma ceruloplasmin concentrations, and 45% increase 
in peak plasma haptoglobin concentrations, relative to non-TM injected calves. It is possible that 
the peak acute phase response in this experiment was missed, as Arthington et al. (2014) noted a 
peak in both plasma haptoglobin and ceruloplasmin concentrations 6 to 8 d post-shipping, 1 to 3 
d later than measurements in the current study.  Similar to the present experiment the TM-
injected cattle from that study also had greater liver Cu and Se concentrations, both prior to 
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shipping, and 13 d post-shipping (Arthington et al., 2014). However, those calves also 
experienced weaning in combination with experimental transit, which may have increased total 
stress, and caused the differences between that study and the current study. Additionally, it is 
unclear how receiving multiple TM injections prior to transit may have altered the response to 
transit stress.  
Increasing TM status of steers resulted in decreased growth performance during the 14 d 
period post-shipping. Although unexpected, a similar response was reported by Clark et al. 
(2006) who found that calves (266 kg initial BW) that received a TM injection upon arrival to 
the experimental facility had lesser ADG during a 28 d receiving period than non-TM injected 
cattle. Similarly, Arthington et al. (2014) reported that heifers that had previously received a TM 
injection at 100 and 200 d of age and were subjected to transit stress (1,600 km) and weaning 
stress at 250 d of age, followed by a third TM injection upon arrival back to the farm, had 
negative ADG in the 14 d period post-shipping. The authors hypothesized that the decrease in 
ADG post-shipping was due to the redirection of nutrients in support of the greater acute phase 
protein response observed in those calves as previously discussed (Arthington et al., 2014). 
Although the steers in this study did have decreased ADG in the 14 d period post-shipping, the 
inflammatory markers measured do not support a differential inflammatory response due to trace 
mineral injection. It is possible that an increased acute phase response could indicate that those 
steers are better prepared for a health challenge (Carroll et al., 2011; Burdick et al., 2012). While 
minimal increases in acute phase proteins were noted there were limited incidences of illness in 
this study, as evidenced by the very low overall morbidity of the cattle; only 4.2% of the cattle 
were treated throughout the entire experimental period, and none treated more than once. 
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Additionally, no subsequent effects of TM injection or transit treatment on cattle growth were 
noted in the growing period, suggesting this effect was very short-lived.   
Previous research indicates that a TM injection approximately 90 d prior to harvest will 
not influence growth in calves with adequate TM status (Genther and Hansen, 2014b). However, 
in the present study in steers that received the same injection at both initial and second injection 
(SAL-SAL or MM-MM), ADG and HCW tended to be greater than steers that received SAL-
MM, but not different from steers that received MM-SAL. Trace mineral injection can increase 
the activity of glutathione peroxidase (Pogge et al., 2012) and Mn-superoxide dismutase 
(Genther and Hansen, 2014a), which may come at an energetic cost, diverting energy from 
growth to enzyme synthesis. It is possible that SAL-MM steers were increasing translation of 
TM-containing proteins, decreasing growth. Although the mineral status of the steers at the time 
of second injection was not determined, the diet analyzed to contain TM concentrations above 
NRC (2000) recommendations, so steers were likely still within the adequate range.  
Interestingly, within the carcass characteristic data a differential response to TM injection 
(second injection) within steers that received SAL as the initial injection was noted, where 
shipped steers had the least overall BF and the largest overall REA, while non-shipped steers had 
the greatest BF and least REA. These treatment groups are identical with the exception of the 
shipping treatment, suggesting that the presence of the transit stress may have caused a 
repartitioning effect in response to increased available TM, resulting in improved body 
composition relative to non-shipped steers. It is unclear what signal may have been initiated by 
transit stress, 85 d prior to second injection and reimplant time, but further research is warranted.  
Overall, administering a TM injection at the beginning of a 28 d preconditioning period 
to cattle with adequate TM status had very little impact on the physical and physiological 
  
182
response to the stress of transit or feed and water restriction. Transit stressed steers experienced 
greater shrink, and lesser rectal temperature change relative to feed and water restricted steers. 
As noted by others, steers that had received injectable TM had lesser ADG in the 14 d 
immediately following stress, but growth performance was not affected long-term. Trace mineral 
injection 192 and 80 d prior to harvest had little impact on overall growth performance and 
carcass characteristics. The potential impact of TM injection to steers with mild to moderate TM 
deficiencies on transit stress response remains unknown. 
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Table 1. Experimental schedule 
1
 MM: trace mineral injection; SAL: saline injection; RT: rectal temperature; SHIP: 
24 h transit stress; NS: 24 h feed and water restriction 
Day Activity
1
 Experimental period 
   -1 BW     
    0 BW, initial injection (MM or SAL)  
Preconditioning period (d 0 – 27) 
  22 Liver biopsies  
  28 BW, blood, RT, start of SHIP or NS     
  29 End of SHIP or NS, BW, blood RT  Transit stress period (d 28 – 29) 
  34 BW, blood  
         14 d post-transit period (d 29 – 43) 
  40 Liver biopsies  
  43 Fasted BW (after 20 h fast)     
  57 BW  
Growing period (d 34 – 112) 
  85 BW  
112 BW     
113 BW, second injection (MM or SAL)     
141 BW     
169 BW  Finishing period (d 113 – 193) 
192 BW     
193 BW, shipped to abattoir     
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Table 2. Diet composition for the preconditioning, growing, and finishing periods 
 Experimental Period1 
 Preconditioning Growing Finishing 
Ingredient -------------------% of diet DM-------------------- 
Grass hay 54 - - 
Dry-rolled corn 14.5 15 55 
Dried distillers grains 22.9 33.1 28.1 
Molasses 5 - - 
Soybean meal 2 - - 
Corn silage - 50 15 
Limestone 1.2 1.47 1.47 
Salt 0.31 0.31 0.31 
Vitamin A premix2 0.11 0.11 0.11 
Trace mineral premix3 0.035 0.023 0.024 
Rumensin904 - 0.014 0.014 
    
Calculated composition    
Crude protein, % 14.3 14.2 13.3 
Neutral detergent fiber, % 44.9 28.9 18.5 
Ether extract, % 4.2 5.0 5.0 
NEg, Mcal/kg 0.84 1.21 1.36 
    
Analyzed composition ------------------mg/kg diet DM------------------- 
Cu 8.3 14.9 15.4 
Fe 170.2 134.4 75.6 
Mn 44.0 41.1 34.1 
Zn 30.0 47.8 58.1 
1The preconditioning period diet was fed d 0 through d 27; the growing period diet was fed d 29 
through d 112, the finishing diet was fed d 113 through d 193. 
2Vitamin A premix contained 4,400,000 IU vitamin A/kg. 
3Provided per kg of diet:  30 mg Zn; 20 mg Mn; 0.5 mg I; 0.1 mg Se; 10 mg Cu; and 0.1 mg Co 
(all inorganic sources).  
4Provided monensin at 27 g/909.1 kg of diet (donated by Elanco Animal Health, Greenfield, IN). 
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 Table 3. Effect of a trace mineral (MM) or saline (SAL) injection on liver trace mineral 
concentrations of steers assessed 22-d post-injection1 
 
1Liver biopsy samples were collected on d 22 of the experiment, 22 d post-initial injection, from 
48 steers total (n = 24 per treatment). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Initial injection  P-value 
 SAL MM SEM Trt 
     
Mineral, mg/kg DM     
Cu 272 328 13.6   0.005 
Fe 206 206 10.4   0.98 
Mn     9.6     9.2   0.22   0.22 
Se     2.1     3.9   0.08 <0.0001 
Zn 129 151   6.5   0.02 
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Table 4. Effect of a trace mineral injection (MM) or saline injection (SAL) on growth performance and rectal temperatures of steers as 
impacted by 20 h of transit stress (SHIP) or 20 h of feed and water restriction without transit (NS)  
a,b
 Within rows, means without a common superscript differ (P ≤ 0.05).  
1The main effects in statistical analysis were initial injection (Inj1), transit treatment (Trans), and their interaction (Inj1 × Trans). 
2Initial BW is the BW collected at the beginning of the transit stress period, where steers were either weighed and directly loaded onto 
a tractor-trailer for transit, or were weighed and returned to their pens without access to feed and water. 
3Ending BW is the BW collected at the end of the transit stress period, and steers were weighed either upon return to the facility, or 
upon the end of the feed and water restriction. 
4Shrink, or BW loss, was calculated initial and ending BW from the transit period. 
5Rectal temperature change was calculated from initial and ending transit period rectal temperatures.  A negative rectal temperature 
change indicates that temperature decreased over the transit stress period. 
 
 
 
 
 
 
 
 
 
 
 
Injection 1 SAL MM  P-value1 
Transit NS SHIP NS SHIP SEM Inj1 Trans Inj1 × Trans 
         
Initial BW2, kg 298 298 299 297 3.5 0.95 0.75 0.81 
Ending BW3, kg 278 273 277 273 2.9 0.89 0.19 0.88 
BW shrink4, %     7.2c     8.8a     7.8bc     8.3ab 0.27 0.79 0.0001 0.05 
Rectal temperature change5, °C    -0.83    -0.51    -0.64    -0.59 0.085 0.52 0.03 0.12 
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Table 5. Effect of a trace mineral injection (MM) or saline injection (SAL) on liver trace mineral concentrations of steers 40 d post-
injection and 11 d after 20 h of transit stress (SHIP) or 20 h of feed and water restriction (NS)1 
 
 
 
 
 
 
 
 
 
 
 
a,b
 Within rows, means without a common superscript differ (P ≤ 0.05).  
1Liver biopsy samples were collected on d 40, 11 d post-transit from 48 steers total (n = 12 steers per treatment) 
2The main effects in statistical analysis were initial injection (Inj1), transit treatment (Trans), and their interaction (Inj1 × Trans). 
 
Injection 1 SAL MM  P-value2 
Transit NS SHIP NS SHIP SEM Inj1 Trans Inj1 × Trans 
         
Mineral, mg/kg 
DM 
        
Cu 279b 319b 378a 316b 18.6   0.01 0.55 0.009 
Fe 160 178 184 182 12.2   0.25 0.51 0.41 
Mn     7.6     7.3     7.9     7.3   0.3   0.58 0.17 0.61 
Se     2.0d     2.2c     3.0a     2.7b   0.11 <0.0001 0.93 0.02 
Zn 123 110 128 131   6.8   0.07 0.48 0.23 
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Table 6. The effect of 20 h of transit stress (SHIP) or 20 h of feed and water deprivation (NS) on blood leukocyte profile of steers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1The main effects in statistical analysis were initial injection (Inj1), transit treatment (Trans), Day, and the interactions; Inj1: P ≥ 0.24; 
Inj1 × Trans: P ≥ 0.29; Inj1 × Day: P ≥ 0.10; and Inj1 × Trans × Day: P ≥ 0.18, for all variables.  
2Data are based on repeated measures analysis. 
3Day 0 (experimental day 28) samples were taken immediately prior to the beginning of the transit stress period, just prior to departure 
for SHIP steers, and just prior to beginning feed and water deprivation for NS steers. 
4Day 1 (experimental day 29) samples were taken at the end of the transit stress period, upon arrival of the SHIP steers, and upon the 
end of the feed and water restriction period for NS steers. 
5Day 5 (experimental day 34) samples were collected 5 d after the end of the transit stress period.
 Transit Treatment SEM P-value1 
 NS SHIP  Trans Day Trans × 
Day 
Cell number, × 103/µL       
Leukocytes2       11.05      11.42 0.398 0.52 <0.0001      0.02 
Day 03       11.67      11.80 0.471 0.84 - - 
Day 14         9.83      10.80 0.472 0.15 - - 
Day 55       11.63      11.59 0.391 0.94 - - 
Neutrophils2 2.86 3.01 0.203 0.61   0.03      0.0001 
Day 03 3.12 3.01 0.270 0.77 - - 
Day 14 2.26 3.19 0.272 0.02 - - 
Day 55 3.21 2.84 0.170 0.12 - - 
Basophils2 0.15 0.15 0.006 0.84   0.002      0.04 
Day 03 0.16 0.16 0.007 0.37 - - 
Day 14 0.15 0.13 0.007 0.18 - - 
Day 55 0.15 0.15 0.007 0.76 - - 
Eosinophils2 0.08 0.11 0.008 0.06   0.0005      0.51 
Day 03 0.06 0.09 0.013 0.15 - - 
Day 14 0.07 0.10 0.011 0.05 - - 
Day 55 0.12 0.13 0.011 0.53 - - 
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Table 7. Effect of a trace mineral injection (MM) or saline injection (SAL) on growth performance of steers during the 14 d period 
immediately following 20 h of transit stress (SHIP) or 20 h of feed and water restriction without transit (NS), and the growing period 
(d 34 to 112) 
 
a,b
 Within rows, means without a common superscript differ (P ≤ 0.05).  
x-z Within rows, means without a common superscript tend to differ (P ≤ 0.10). 
1The main effects in statistical analysis were initial injection (Inj1), transit treatment (Trans) and their interaction (Inj1 × Trans). 
2Initial BW is the BW collected at the end of the transit stress period (experimental d 29), when steers were weighed either upon return 
to the facility, or upon the end of the feed and water restriction. 
Injection 1 SAL MM  P-value1 
Transit NS SHIP NS SHIP SEM Inj1 Trans Inj1 × Trans 
         
14 d post-transit 
performance 
        
Initial BW2, kg 278 273 277 273 2.9 0.89 0.19 0.88 
Ending BW3, 
kg 
298ab 300a 295b 295b 1.7 0.02 0.49 0.58 
ADG, kg     1.59xy     1.72x     1.37y     1.38y 0.126 0.03 0.58 0.64 
DMI, kg     6.85     6.89     6.82     6.41 0.159 0.12 0.25 0.18 
G:F     0.234     0.249     0.199     0.220 0.0218 0.17 0.42 0.89 
         
Growing period 
performance 
        
Initial BW4, kg 307 301 305 302 3.4 0.86 0.18 0.71 
Ending BW5, 
kg 
437 437 434 437 3.3 0.60 0.54 0.68 
BW6, kg 369 364 366 364 3.8 0.74 0.40 0.64 
ADG6, kg     1.80     1.75     1.78     1.76 0.052 0.93 0.47 0.80 
DMI6, kg     8.4     8.4     8.4     8.2 0.097 0.43 0.41 0.42 
G:F6     0.189     0.192     0.183     0.187 0.0050 0.27 0.44 0.87 
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3Ending BW is the BW collected 14 d (experimental day 43) after 20 h of feed and water restriction of all steers. Initial BW was used 
as a covariate in analysis. 
4Initial BW for the growing period was measured on d 34, 5 d post-transit. 
5Ending BW for the growing period is based on the average of the consecutive d BW collected on d 112 and d 113. Initial BW was 
used as a covariate in analysis. 
6
 Based on repeated measures. Day: P < 0.001 for all repeated measures for all variables, except ADG: P = 0.64; Inj1 × Day: P ≥ 0.13, 
Trans × Day: P ≥ 0.12, and Inj1 × Trans × Day: P ≥ 0.11 for all repeated measures for all variables. 
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Table 8. Effect of an initial (d 0) and second (d 113) trace mineral injection (MM) or saline injection (SAL) after 20 h of transit stress 
(SHIP) or 20 h of feed and water restriction without transit (NS) on performance of steers during the finishing period (d 113 through d 
193) 
 
x-z Within rows, means without a common superscript tend to differ (P ≤ 0.10). 
1The main effects in statistical analysis included initial injection (Inj1), transit treatment (Trans) and second injection (Inj2) and the 
corresponding interactions  
2Initial BW represents weights collected on d 112 and 113 at the beginning of the finishing period. Inj1 × Trans: P = 0.74; Inj2 × 
Trans: P = 0.80; Inj1 × Inj2 × Trans: P = 0.85. 
3Ending BW represents weights collected on d 192 and 193 at the end of the finishing period. Initial BW were used as covariates in 
analysis. Inj1 × Trans: P = 0.69; Inj2 × Trans: P = 0.92; Inj1 × Inj2 × Trans: P = 0.93.  
4Based on repeated measures, Day: P < 0.0001 for all variables; all interactions not shown in table: P ≥ 0.15 for all variables.   
 
 
 
 
 
 
Injection 1 SAL MM      
Transit NS SHIP NS SHIP  P-value1 
Injection 2 SAL MM SAL MM SAL MM SAL MM SEM Inj1 Inj2 Trans Inj1 
× 
Inj2 
              
Initial BW2, 
kg 
438 437 434 433 434 432 431 433 7.2 0.60 0.92 0.58 0.93 
Ending 
BW3, kg 
588 579 592 583 587 594 586 589 4.9 0.31 0.57 0.82 0.05 
BW4, kg 519 513 515 510 516 516 509 514 4.1 0.89 0.65 0.21 0.14 
ADG4, kg     1.88xy     1.78y     1.93x     1.83xy     1.87xy     1.94x     1.85xy     1.90xy 0.060 0.41 0.60 0.80 0.06 
DMI4, kg   11.3   11.4   11.5   11.4   11.4   11.4   11.3   11.5 0.17 0.87 0.77 0.93 0.91 
G:F4     0.167     0.155     0.170     0.161     0.164     0.170     0.164     0.166 0.0068 0.60 0.60 0.78 0.15 
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Table 9. Effect of an initial (d 0) and second (d 113) trace mineral injection (MM) or saline injection (SAL) after 20 h of transit stress 
(SHIP) or 20 h of feed and water restriction without transit (NS) on carcass characteristics of steers  
 
 a,b
 Within rows, means without a common superscript differ (P ≤ 0.05).  
x-z Within rows, means without a common superscript tend to differ (P ≤ 0.10). 
1The main effects in statistical analysis included initial injection (Inj1), transit treatment (Trans), and second injection (Inj2), and the 
corresponding interactions. Inj1 × Trans: P ≥ 0.14; Inj2 × Trans: P ≥ 0.19 for all carcass measurements. 
2Marbling scores: slight: 300, small: 400, modest: 500. 
3Quality grade: Select+: 2, Choice-: 3, Choice: 4. 
 
Injection 
1 
SAL MM       
Transit NS SHIP NS SHIP  P-value1 
Injection 
2 
SAL MM SAL MM SAL MM SAL MM SEM Inj1 Inj2 Trans Inj1 
× 
Inj2 
Inj1 × 
Inj2 × 
Trans 
               
HCW, kg 365 353 360 351 359 361 357 359   5.5 0.68 0.29 0.43 0.12 0.85 
Backfat, 
cm 
    1.35xy     1.55y     1.49xy     1.31x     1.44xy     1.36xy     1.47xy     1.47xy   0.089 0.86 0.83 0.86 0.66 0.08 
REA, 
cm2 
  83.6ab   79.6b   81.7ab   86.2a   80.6b   84.0ab   82.1ab   81.2b   1.74 0.52 0.54 0.52 0.69 0.01 
MS2 452 435 448 458 436 474 430 413 22.0 0.52 0.83 0.46 0.66 0.19 
KPH, %     2.29     2.64     2.36     2.42     2.29     2.36     2.38     2.41   0.088 0.28 0.05 0.94 0.25 0.31 
YG     3.21ab     3.57a     3.41a     2.96b     3.40a     3.19ab     3.35a     3.42a   0.141 0.61 0.55 0.59 0.89 0.007 
QG3     3.08     2.82     3.09     3.17     2.92     3.27     2.92     3.00   0.212 0.93 0.68 0.89 0.30 0.31 
  
 
FIGURE 1.  
 
 
Figure 1. Effect of a trace mineral injection (MM) or saline injection (SAL) after 20 h transit 
stress (SHIP) or 20 h feed and water restriction without transit (NS)
(A), plasma Fe concentrations (B), plasma Se concentrations (C) and pl
(D); values are means ± SEM, n 
combination. Within plasma Cu there was an Inj1 × Trans × day interaction (
plasma Fe there was an Inj1 × Trans × day inte
Inj1 × Trans × day interaction (P
interaction (P = 0.07); lowercase letters that differ denote differences (
and Trans within day. 
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, on plasma Cu concentrations 
asma Zn concentrations 
= 12 per initial injection (Inj1) by transit treatment (Trans) 
P = 0.06). Within 
raction (P = 0.08). Within plasma Se there was an 
 = 0.05), and within plasma Zn there was an Inj1 × Trans × day 
P ≤ 0.10) between Inj1 
 
 
 
 
 
 
  
FIGURE 2 
 
 
 
 
 
Figure 2. Effect of a trace mineral injection (MM) or saline injection (SAL) after 20 h transit 
stress (SHIP) or 20 h feed and water restriction without transit (NS),
concentrations (A), and serum interleukin
per initial injection (Inj1) by transit treatment (Trans) combination.  Within plasma cortisol there 
was an Inj1 × Trans × day interaction (
Inj1 × Trans interaction (P = 0.06); lowercase letters that differ denote differences (
between Inj1 and Trans within day for plasma cortisol, lowercase letters that differ denote 
differences (P ≤ 0.05) between Inj1 and Trans.
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 on plasma cortisol 
-8 concentrations (B); values are means ± SEM, 
P = 0.05), and within serum interleukin-8 there was an 
  
 
 
n = 12 
P ≤ 0.10) 
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CHAPTER 7. 
SUPPLEMENTAL ZINC AMINO ACID COMPLEX ENHANCES GROWTH 
RESPONSE IN BEEF CATTLE FED RACTOPAMINE HYDROCHLORIDE 
 
A paper submitted to The Journal of Animal Science 
 
O. N. Genther, M. E. Branine, and S. L. Hansen 
 
 
ABSTRACT: Forty-two Angus crossbred steers (380 ± 5.3 kg) were utilized in a finishing study 
to evaluate the influence of a supplemental Zn amino-acid complex (ZnC; Availa-Zn) on 
performance and carcass characteristics of finishing steers in combination with ractopamine 
hydrochloride (RAC). Steers were stratified by BW into seven pens of six steers each, and 
individual feed intake was measured. Steers were assigned to 1 of 4 treatments for 86 d (pre-
RAC period): a dry-rolled corn-based diet plus 60 mg Zn/kg from ZnSO4 and no supplemental 
ZnC (CON; analyzed 88 mg Zn/kg DM; n = 6) or CON diet plus 30 (Zn30; n = 12), 60 (Zn60; n 
= 12) or 90 (Zn90; n = 11)) mg Zn/kg from ZnC. On d 88 one of the two pens of steers receiving 
supplemental ZnC was randomly selected to be supplemented with RAC at 300 mg⋅steer-1d-1 for 
the final 28 days of the experiment (RAC period). This created 7 final treatments: CON) no 
supplemental ZnC, no RAC (n = 6); Zn30) Zn30, no RAC (n = 6); Zn30R) Zn30 + RAC (n = 6); 
Zn60) Zn60, no RAC (n = 6); Zn60R) Zn60 + RAC (n = 6); Zn90) Zn90, no RAC (n = 6); and 
Zn90R) Zn90 + RAC (n = 6). During the pre-RAC period BW and G:F displayed a quadratic 
tendency (P = 0.09) with Zn60 steers being greater than the other treatments. Plasma cyclic 
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adenosine monophosphate tended to linearly increase with increasing ZnC (P = 0.10). In the 
RAC period, as supplemental ZnC increased within RAC-supplemented treatments, there was a 
linear increase in final BW, ADG and G:F (P < 0.05) and a tendency for greater HCW (P = 
0.09). However, no effect of supplemental ZnC on BW, ADG or G:F during this period in non-
RAC fed steers (P ≥ 0.44). Day 111 plasma Cu was increased, plasma Fe decreased, and white 
blood cell counts and serum interleukin-8 were greater (P < 0.05) in RAC-supplemented steers 
suggesting that RAC may elicit an inflammatory response. There was a tendency for increasing 
Zn supplementation to decrease plasma haptoglobin within RAC-fed steers (P = 0.07), 
suggesting that Zn may slightly dampen the inflammatory response. Overall, Zn60 improved 
growth performance during the pre-RAC period, but not during the final 28 d. Zinc appears to 
improve growth in combination with RAC supplementation, suggesting that Zn may enhance or 
support the biological function of RAC. Additionally, these results indicate that feeding RAC 
impacts trace mineral status, and potentially causes a non-specific inflammatory response, but 
further research is required to define this response. 
 
KEY WORDS: Beef cattle, beta agonist, Optaflexx, ractopamine hydrochloride, zinc 
 
Introduction 
Ractopamine hydrochloride (RAC) is a β1-adrenergic agonist that is commonly fed to 
finishing cattle during the last 28-42 d before harvest. This β-agonist works on type I β-
adrenergic receptors (βAR), to activate the G-protein complex, activating adenylyl cyclase, 
which converts ATP to cyclic adenosine monophosphate (cAMP), an intracellular secondary 
messenger (Mersmann, 1998). Downstream effects of βAR activation increase lean muscle 
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accretion and decrease adipose tissue accretion in late-period fattening steers. Trace minerals 
have also been implicated in growth performance (Suttle, 2010), but it is unknown how RAC 
may influence the mineral requirements of feedlot cattle.  
Zinc is essential for growth in animals and dietary concentrations of Zn exceeding 
documented requirements have been shown to increase growth performance and efficiency of 
swine (Mavromichalis et al, 2000; Case and Carlson, 2002) and gain in beef cattle (Nunnery et 
al., 2007) although results have been variable (Malcolm-Callis et al., 2000). More recently, it 
was noted that supplementing additional Zn to pigs fed RAC improved ADG and efficiency over 
RAC alone (Patience and Chipman, 2011; Paulk et al., 2012) Additionally, data from large pen 
feedlot studies have indicated that Zn may elicit a similar response in RAC-fed finishing cattle 
(Zinpro, 2007; Zinpro, 2012).   
 Zinc is also anti-inflammatory and may modulate the immune response (Overbeck et al., 
2008; Prasad, 2008). This may be important as cattle are suspected to undergo a non-specific 
immune response during the finishing period characterized by increased peak acute phase 
proteins concentrations (Amentaj et al., 2009; Berry et al., 2004). The objective of this study was 
to determine if increasing supplemental Zn affects growth and carcass performance and markers 
of inflammation in finishing cattle fed RAC. We hypothesized that increasing supplemental Zn 
to RAC-fed cattle would improve performance, and decrease markers of inflammation. 
  
Materials and Methods 
All procedures and protocols were approved by the Iowa State University Institutional Animal 
Care and Use Committee (Log number: 7-12-7411-B). 
Forty-two Angus crossbred steers (380 ± 5.3 kg) were stratified by BW into seven pens 
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of six steers each, and assigned to one of four treatments for 86 d (Pre-RAC period): a dry-rolled 
corn-based diet plus 60 mg Zn/kg from ZnSO4  (CON, analyzed 88 mg Zn/kg DM; n = 6; Table 
1) or CON diet plus 30 (Zn30; n = 12), 60 (Zn60; n = 12) or 90 (Zn90; n = 11)) mg Zn/kg from 
a Zn amino-acid complex (ZnC). Prior to the start of the study steers were vaccinated with 
Pyramid 5 (Bovine Rhinotracheitis-Virus Diarrhea-Parainfluenza-3-Respiratory Syncytial Virus, 
Fort Dodge Animal Health, Fort Dodge, IA), Presponse (Pasteurella Multocidia bacterial extract-
mannhheimia hemolytica toxoid, Fort Dodge Animal Health, Fort Dodge, IA), Vision 7 
(clostridial bacterin-toxoid; Merck Animal Health, Summitt, NJ), and Pinkeye Shield XT4 
(Moraxella bovis, Novartis Animal Health Canada Inc., Ontario, Canada) and dewormed with 
eprinomectin (Eprinex, Merial Ltd., Iselin, NJ). Steers were implanted with Component TE-IS 
with Tylan (VetLife, Ivy Animal Health, Inc., Overland Park, KS) on d 28.  
On d 88 one of the two pens of steers on treatments that included supplemental ZnC was 
randomly selected to be supplemented with RAC (Optaflexx; Elanco Animal Health, Greenfield, 
IN) at 300 mg⋅steer-1d-1 for the final 28 days of the experiment, creating 7 final treatments (RAC 
period): CON) no supplemental ZnC, no RAC (n = 6); Zn30) Zn30, no RAC (n = 6); Zn30R) 
Zn30 + RAC (n = 6); Zn60) Zn60, no RAC (n = 6); Zn60R) Zn60 + RAC (n = 6); Zn90) Zn90, 
no RAC (n = 6); and Zn90R) Zn90 + RAC (n = 6). 
Steers were fitted with unique electronic identification tags and daily individual animal 
intake was measured using the Feed Intake Management System at Iowa State University’s Beef 
Nutrition Farm in Ames, Iowa (Dahlke et al., 2008). Steers were fed once daily at 0800 h, had ad 
libitum access to water, and were fed for approximately 3% feed refusal as previously described 
(Genther and Hansen, 2014). Body weights were taken prior to feeding on d 0, 1, 28, 56, 86, 115, 
and 116. At the end of the experiment (d 116) steers were shipped to a commercial abattoir 
  
 
201
(Tyson Fresh Meats, Denison, IA) for harvest. After a 24 h chill, personnel from Tri County 
Steer Carcass Futurity (Lewis, IA) collected carcass data, including: HCW, ribeye area (REA), 
12th rib back fat (BF), KPH, marbling score (MS), quality grade (QG), and yield grade (YG). 
Carcass adjusted final BW was calculated by dividing HCW by the calculated average dressing 
percentage (62.5%). A 4% pencil shrink was applied to all live BW measures before the 
calculation of ADG and G:F. Estimated carcass performance was calculated using equations for 
estimated beginning HCW, and carcass-based ADG and G:F from Tatum et al. (2012). 
Liver biopsies and blood samples were taken on d -5, 78 and d 111 for determination of 
trace mineral status and analysis of various immune and metabolism markers. Carcass ultrasound 
measures of REA, BF, and intramuscular fat (IMF) percentage, were determined on days 0, 86, 
and 115 by a certified ultrasound technician.  
 
Feed and Tissue Sampling and Analysis. The diet total mixed ration (TMR) was sampled 
weekly, and samples were dried in a forced air oven at 70°C for 48 h for DM determination. 
Steer DMI was calculated using as-fed intakes corrected for DM of weekly diet samples. Feed 
efficiency was calculated from the total gain and total DMI monthly as determined by weighing 
intervals. Diet samples were ground through a 2 mm screen in a Wiley Mill, and samples were 
composited by treatment by month for trace mineral analysis. Composited feeds were acid 
digested using trace mineral grade nitric acid as previously described, (Genther and Hansen, 
2014) prior to analysis for Cu, Fe, and Zn concentrations using inductively coupled plasma 
optical emission spectroscopy (PerkinElmer, Waltham, MA). Liver biopsies were taken using the 
method of Engle and Spears (2000), and liver samples were dried and acid digested, followed by 
analysis for Cu, Fe, and Zn as described previously (Pogge and Hansen, 2013). A bovine liver 
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reference sample from National Institutes of Standards and Technology (Gaithersburg, MD) was 
included in all analyses to verify instrument accuracy. Blood samples were spun in a centrifuge 
at 1,200 × g for 10 min at 4°C and serum or plasma was removed and stored at -80°C until 
analysis. Plasma samples were analyzed for Cu, Fe and Zn using methods previously described 
(Pogge and Hansen, 2013). Whole blood samples were brought to the Clinical Pathology 
Laboratory at Iowa State University (Ames, IA) for a complete blood count and automated 
differentiation of white blood cells immediately after collection. Serum was sent to the Kansas 
State University Diagnostic Laboratory (Manhattan, KS) for haptaglobin analysis. Serum 
interleukin-8 (IL-8) concentration was analyzed using a commercial ELISA kit shown to cross-
react with bovine samples (Quanitkine ELISA, Human CXCL8/IL-8, R & D Systems, 
Minneapolis, MN; Catalog number: D8000C). Serum interleukin-6 concentration was measured 
using a bovine-specific ELISA assay (SearchLight, Aushon Biosystems inc., Billerica, MA). 
Plasma samples for cAMP analysis were purified by the addition of ice-cold ethanol, followed 
by centrifugation at 1,500 × g. The supernatant was dried under a stream of nitrogen gas and then 
re-suspended in a buffer provided by the manufacturer listed below. Samples were then 
acetylated to increase assay sensitivity, by the addition of potassium hydroxide and acetic 
anhydride, and cAMP concentration was analyzed using a commercial ELISA kit (Cayman 
Chemical, Ann Arbor, MI, Catalog #581001).  
Single-stranded DNA breaks were evaluated through alkali single-cell gel electrophoresis 
(Singh et al., 1988) using a commercial kit (Trevigen, Inc., Gaithersburg, MD, Catalog # 4250-
050-K). Whole blood samples were stored in a blood storage buffer containing Hanks Balanced 
Buffer Solution, 20 mM EDTA, and 10% dimethylsulfoxide. Blood samples were prepared by 
centrifugation at 10,000 × g and were fixed in 0.5% low-melting point agarose to microscope 
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slides (Trevigen, Inc., Gaithersburg, MD, Catalog # 4250-050-03). Cells were lysed by 
submersion in a lysis solution for 1 h, then submerged in an alkali unwinding solution, followed 
by electrophoresis at 4°C. Samples were stained using SYBR Gold, and 50 comets per sample 
were scored using CometScore software (TriTek Corp., Sumerduck, VA; 
http://www.autocomet.com/products_cometscore.php). Comets were evaluated for the % DNA 
in tail (amount of DNA found in the tail/ total amount of DNA found in the head and tail), the 
tail length (broken and fragmented DNA fragments migrate farther from the head, increasing the 
tail length), and the tail moment (the product of tail length and total DNA in tail) as described by 
Fairbairn (1995). An increase in tail length, % DNA in tail, or tail moment would be indicative 
of increased DNA damage.  
  
Statistical Analyses. Data were analyzed by ANOVA as a completely randomized design using 
the MIXED procedure of SAS 9.2 (SAS Institute, Inc, Cary, NC). Steer was considered the 
experimental unit for all data. One steer was removed from the experiment due to illness 
unrelated to treatment and the data from this steer were not included in analysis. The statistical 
model for both the pre-RAC and RAC periods included the fixed effect of dietary treatment and 
the random effect of steer.  Day was used as a repeated effect in the case of BW, DMI, ADG, and 
G:F, and the subject for the repeated statement was steer nested within dietary treatment. Initial 
measurements for blood/tissue and performance measurements (d -5 or d 0 values for the pre-
RAC period, and d 78 or d 86 values for the RAC period, respectively) were used as covariates 
in analysis of the data for each period. Three a priori individual degree of freedom contrasts 
were developed for the pre-RAC period, CON vs. Zn: which compared the CON treatment to 
Zn30, Zn60 and Zn90, and the linear and quadratic effects of supplemental ZnC. Six a priori 
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individual degree of freedom contrasts were developed to evaluate the Zn response during the 
RAC period. Within the non-RAC supplemented treatments, CON vs. Zn: which compared the 
CON treatment to Zn30, Zn60 and Zn90, and the linear and quadratic effects of supplemental 
ZnC. Within the RAC supplemented treatments, the linear and quadratic effects of supplemental 
ZnC were tested. And the effect of RAC within treatments receiving supplemental ZnC was 
tested as no RAC vs. RAC (Zn30, Zn60 and Zn90 vs. Zn30R, Zn60R and Zn90R). 
Autoregressive 1 [AR(1)] covariance structure was utilized for all models based on lowest AICc 
(Akaike information criterion). Data were checked for normalcy and homogeneity of variance. 
Outliers were determined using Cook’s D statistic and removed if Cook’s D > 0.5. Data reported 
are least-squared means ± SEM. Significance was declared at P ≤ 0.05 and tendencies were 
declared from P = 0.06 to 0.10. 
 
Results 
 
Pre-RAC period growth performance. After 86 d of dietary treatment there was a tendency for a 
quadratic effect of Zn as evaluated by repeated measures (P = 0.10; Table 2), where the Zn60 
steers had greater BW over the course of the pre-RAC period, compared to other treatments. 
There was a treatment × time interaction within BW (P = 0.05; data not shown), where there was 
a slight crossover between Zn90 and Zn30 steers where Zn90 steers weighed numerically more 
at 28 d, but numerically less at the end of the 86 d period. There were no other treatment × time 
interactions for DMI, ADG, or G:F (P ≥ 0.20) Dry matter intake tended to linearly decrease as 
Zn concentration increased (P = 0.07), driven by the lesser DMI of both the Zn60 and Zn90 
steers. Average daily gain and G:F followed the same trends as BW, with a tendency for a 
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quadratic effect of Zn where Zn60 steers had greater ADG (P = 0.10) , and were more efficient 
(P = 0.09) than other treatments, while CON and Zn30 remained similar, and a slight decrease in 
performance for Zn90 steers was observed. There was also a tendency for a quadratic effect of 
Zn, where carcass estimated gain and ADG also tended to be greater in Zn60 steers when 
compared to other treatments (P = 0.09).  
Dietary treatment did not impact REA and IMF of the REA as measured by ultrasound (P 
> 0.20; Table 2) on d 86. Similar to performance results, there was a quadratic effect of treatment 
on ultrasound-determined BF where Zn60 steers had the greatest fat cover (P = 0.05; Table 2), 
and Zn90 steers had the least BF at the end of the Pre-RAC period.  
 
Pre-RAC period plasma analytes and tissue trace mineral concentrations. There was no effect 
of dietary Zn concentration on liver concentration of Cu or Zn, or plasma concentration of Cu 
and Fe during the pre-RAC period (P > 0.20; Table 3). However, CON steers had lesser plasma 
Zn (P = 0.04) compared with ZnC supplemented steers and plasma Zn concentration increased 
linearly with increasing dietary Zn (P = 0.04). Serum IL-8 concentration was quadratically 
affected by dietary Zn concentration, where Zn90 had the greatest serum IL-8 concentration (P = 
0.06; Table 4). Plasma haptoglobin was unaffected by treatment (P > 0.50). Plasma cAMP 
tended to increase linearly with increasing dietary Zn concentration (P = 0.10). Total white blood 
cell (WBC) count was greater in ZnC supplemented steers than CON steers (P = 0.03), and 
tended to linearly increase with increasing dietary Zn (P = 0.06). Neutrophils tended to be lesser 
in CON steers (P = 0.07), and lymphocytes and basophils were lesser in CON steers (P < 0.05) 
compared with Zn supplemented steers. Additionally, there was a tendency for a quadratic effect 
of diet on eosinophils where numbers decreased as ZnC increased from CON to Zn30 to Zn60, 
  
 
206
but Zn90 steers had the greatest numbers (P = 0.06).  Serum IL-6 was below detection limits for 
all treatments. Dietary Zn concentration did not impact DNA damage as measured by tail length, 
tail moment, and percent DNA in the tail (P ≥ 0.37). 
 
RAC period growth performance. Steers supplemented with RAC had greater final BW, ADG 
and G:F than non-RAC supplemented steers (P < 0.01; Table 5). Carcass-adjusted final BW, 
ADG, G:F and estimated carcass HCW, ADG, and G:F followed very similar trends as live 
performance where RAC supplementation improved gains and efficiency (P < 0.05). 
Additionally, there was a linear effect of Zn within RAC supplemented steers, where final BW, 
ADG and G:F was increased linearly as dietary Zn concentration increased (P < 0.05). Similarly, 
carcass-adjusted final BW and ADG tended to increase linearly as dietary Zn concentration 
increased when fed in combination with RAC (P < 0.09).  
Based on ultrasonography conducted on d 86 and again on d 115, REA increased linearly 
with increasing Zn concentration in steers fed RAC during this period (P = 0.03). Intramuscular 
fat percentage of the REA decreased linearly as dietary Zn concentration increased within RAC 
supplemented treatments (P < 0.01). There was a tendency for steers supplemented with RAC to 
have greater fat cover than non RAC Steers (P = 0.08). 
 
Carcass Characteristics. Hot carcass weight was improved by RAC supplementation (P = 0.03; 
Table 6), and tended to be linearly increased as dietary Zn increased in RAC-fed steers (P = 
0.09). There were no differences in dressing percentage, REA or MS (P ≥ 0.11). Within steers 
not supplemented with RAC, the CON steers had the greatest BF and YG (P = 0.04) and BF 
tended to decrease linearly with increasing dietary Zn (P = 0.06). Kidney, pelvic and heart fat 
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percentage tended to decrease linearly with Zn supplementation in combination with RAC (P = 
0.08) driven mainly by the decrease from Zn30R to Zn60R.  
 
RAC period plasma analytes and tissue trace mineral concentrations. Liver Cu and Zn 
concentrations were linearly decreased as dietary Zn increased within RAC-supplemented 
treatments (P < 0.05; Table 7). Plasma Cu concentration was increased by the addition of RAC 
(P < 0.01; Table 7) and plasma Fe concentration was decreased by addition of RAC (P = 0.04). 
Plasma Zn concentration tended to be greatest in the CON steers (P = 0.06) compared with non-
RAC, ZnC-supplemented steers.  
 There was a quadratic effect of Zn within RAC-supplemented steers on serum IL-8 
concentration (P = 0.02; Table 8), as serum IL-8 concentration decreased from Zn30R to Zn60R, 
but greatly increased from Zn60R to Zn90R. RAC-supplemented steers had greater serum IL-8 
concentration than non-RAC steers, driven mostly by the greater IL-8 in Zn90R vs. Zn90 (P = 
0.04). There was a tendency for CON steers to have lesser plasma cAMP concentrations than 
ZnC-supplemented steers not supplemented with RAC (P = 0.08), and a weak tendency for a 
linear effect of Zn within non-RAC steers, where increasing dietary Zn increased plasma cAMP 
(P = 0.11).  
 Plasma haptoglobin tended to be linearly decreased as dietary Zn concentration increased 
within RAC-supplemented steers (P = 0.07; Table 8).  During the RAC period the CON steers 
had greater WBC numbers (P = 0.04) than other non-RAC, ZnC-fed steers; however, within non-
RAC steers, WBC numbers linearly increased with increased dietary Zn supplementation, driven 
mainly by the greater number of WBC in Zn60 steers (P = 0.03). Steers supplemented with RAC 
had greater WBC, lymphocyte, monocyte, eosinophil and basophil numbers when compared with 
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non-RAC, ZnC steers (P < 0.05). There was a tendency for Zn to linearly decrease eosinophil 
number within non-RAC steers (P = 0.06).  Serum IL-6 concentration was again found to be 
below detection limits for all treatments. No differences between treatments were observed in tail 
length, percent DNA in tail, or tail moment (P > 0.22) as measured by the comet assay to assess 
DNA damage in blood, indicating that DNA damage was not affected by either dietary Zn or 
RAC supplementation. 
 
Discussion 
In vitro and rodent data suggest that Zn may play a role in the G-protein-coupled receptor 
pathway. Animals lacking ZIP14 (a main cellular Zn importer) exhibit a Zn deficiency that 
impairs growth and leads to an increase in cyclic nucleotide phosphodiesterase (PDE) expression 
(Hojyo et al., 2011), an enzyme that degrades cAMP. Zinc may inhibit PDE and further increase 
cAMP concentrations in combination with β-agonists, thereby enhancing the signaling cascade 
and potentially resulting in increased protein synthesis and decreased adipose tissue deposition. 
When RAC was supplemented in the present study increasing amounts of dietary ZnC improved 
gains and feed efficiency linearly. Similarly, pigs fed RAC for two weeks prior to finishing along 
with Availa-Zn grew faster than pigs supplemented with an equivalent concentration of Zn from 
ZnSO4, or RAC alone (Patience and Chipman, 2011). An organic Zn source may be necessary to 
enhance RAC-responses, as Paulk et al. (2012) also reported no benefit to pig performance when 
using Zn oxide in combination with RAC. In this study, as we did not compare sources of Zn, we 
cannot extrapolate on source effects beyond our current results. In contrast to the Pre-RAC 
period when supplementing 90 mg ZnC/kg diet DM provided no benefit over the CON 
treatment, Zn90R steers performed the best in the RAC period, suggesting that when RAC is 
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supplemented, Zn90 may be the optimum inclusion rate. However, increasing inclusion of ZnC 
in RAC diets continued to linearly improve growth in this study, and it is unknown if a plateau in 
performance benefit was reached. It is unclear from our results whether there would be an 
additional benefit in supplementing RAC-fed cattle with greater than 90 mg Zn/kg DM; 
however, further investigation seems warranted. Additionally, the NRC (2000) states that 30 mg 
Zn/kg diet DM is adequate to support growth of beef cattle; however, a clear benefit of 
supplementing ZnC up to 90 mg Zn/kg was noted in this study suggesting that Zn requirements 
of modern finishing cattle raised with technologies that enhance growth need to be reexamined.  
Although dietary Zn concentrations in this study were greater than the NRC (2000) 
suggests beef cattle require they were not excessive enough to be considered pharmacological 
doses. Similar to the current study, Ott et al. (1966) noted that when supplementing 100 mg of 
Zn/kg diet DM to beef cattle for 12 wk, plasma Zn concentrations (1.5 mg/L) and liver Zn 
concentrations (164 mg Zn/kg DM, assuming 25% liver DM) were relatively similar to those 
found in the current study. However, in the same study, supplementing plethoric concentrations 
of inorganic Zn (500 or 2,100 mg/kg diet DM) increased plasma (3.0 and 14.6 mg/L, 
respectively) and liver Zn concentrations greatly (344 and 1,304 mg/kg DM, respectively, 
assuming 25% liver DM; Ott et al., 1966). The responses to Zn supplementation in the present 
study are likely physiological, and not pharmacological, based on the minimal changes in plasma 
and liver Zn concentrations relative to CON steers, suggesting that the supplemented Zn 
concentrations were not overwhelming homeostatic control mechanisms and accumulating in 
tissues (Spears and Hansen, 2008). 
Hot carcass weight tended to be improved by increasing dietary ZnC concentration and 
feeding RAC, also suggesting that ZnC supplementation further supports nutrient repartitioning 
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by RAC. The CON steers had more external fat and greater YG than ZnC supplemented steers, 
and BF tended to be linearly decreased by increasing dietary Zn. These results are contrary to 
results found in the pre-RAC period, where including up to 60 mg Zn/kg DM from ZnC 
increased BF as measured by ultrasound, likely reflecting increased overall BW. Results from 
Spears and Kegley (2002) indicated that increasing dietary Zn concentration increases BF and 
YG. Other studies in which various Zn amino acid complexes have been supplemented also 
found increases in overall carcass fat as the general trend (Greene et al., 1988; Malcolm-Callis et 
al., 2000). Our data appear to be contradictory to what others have reported, in that the 
supplementation of ZnC may have potential to decrease external fat when fed during the entire 
finishing period, regardless of RAC supplementation.  
In vitro experiments with bovine satellite cells have demonstrated increased cAMP 
production when Zn and RAC are used in combination, compared to RAC or Zn alone (Harris, 
2013), and Zn deficiency can increase PDE expression (Hojyo et al., 2011). However, Zn 
supplementation alone has not been previously shown to increase cAMP concentrations in 
bovine satellite cells. In this study, plasma cAMP concentration increased as dietary Zn 
increased during both the pre-RAC and RAC periods (in non-RAC fed steers).  It is possible that 
no differences in plasma cAMP concentrations due to RAC supplementation were observed in 
this study because of the amount of time between the initiation of RAC supplementation, and 
sampling, 26 d later. Research suggests that almost 50% of βAR in porcine adipose tissue 
become down-regulated within 7 d of the initiation of RAC feeding (Spurlock et al., 1994), 
implying that cAMP concentrations may be greatest shortly after the initiation of RAC. Future 
research should include measures of plasma cAMP shortly after RAC feeding to determine 
whether this is true in cattle. 
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While others have noted a non-specific immune response when cattle are fed high grain 
finishing diets (Ametaj et al., 2009; Berry et al., 2004) this was not observed in the present study. 
However, during the RAC period, RAC increased overall WBC number, and basophils, 
eosinophils, monocytes and lymphocytes. Elevations in the numbers of these cell types are 
typical markers of inflammation (Germolec et al., 2010). To the authors’ knowledge, this is the 
first indication that supplementation of ractopamine hydrochloride may elicit an inflammatory 
response.  Sheep treated with the β2-agonist clenbuterol were unable to produce an antibody 
response to immunization (Spencer and Oliver, 1996) suggesting that β-agonists may suppress 
the immune response, and β-agonist administration causes inhibition of pro-inflammatory 
cytokine production, specifically IL-6 and tumor necrosis factor-α (Izeboud et al., 1999). 
Typically, the inflammatory response redirects nutrients such as protein to production of 
cytokines and other defense mechanisms, which can have severe growth consequences (Gifford 
et al., 2012), although this was not the case in this study.  However, although the inflammatory 
measures were increased relative to controls, they were within the biologically normal range as 
reported by Kramer (2000).  Some β-agonists have previously been shown to increase eosinophil 
survival by blocking the actions of glucocorticoids, which would otherwise induce apoptosis 
(Nielson and Hadjokas, 1998). Interestingly, there was a numerical trend for increasing ZnC 
supplementation to further increase eosinophil numbers, contrary to previous research suggesting 
that Zn supplementation may decrease eosinophil numbers (Richter et al., 2003).  
Interleukin-8 (IL-8) is a proinflammatory chemokine produced by macrophages and 
eosinophils and is a major mediator of the inflammatory response (Feghali and Wright, 1997) in 
both acute and chronic inflammation (Feghali and Wright, 1997). It is typically increased in 
response to inflammatory conditions in humans (Richman-Eisenstat et al., 1993; Jatakanon et al., 
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1999) and cattle (Shuster et al., 1997). The trend for an increase in IL-8 in response to RAC-
supplementation is a further indication of an inflammatory response. Linearly increasing Zn 
within RAC supplemented steers linearly decreased haptoglobin although it was not increased in 
response to RAC alone. Haptoglobin is an anti-inflammatory acute-phase protein that is released 
in the early stages of an inflammatory response to scavenge hemoglobin, and prevent oxidative 
damage (Horadagoda et al., 1999), and the early release of this acute phase protein may have 
been missed due to the late timing of sample collection in this study. 
  During an immune or stress response the body will increase the amount of transporters 
like ZIP14 on cells, in order to sequester both Zn and Fe from the blood, to limit the availability 
of these essential nutrients to invading pathogens (Liuzzi et al., 2005). During the RAC period 
supplementation with RAC increased plasma Cu and decreased plasma Fe concentrations. These 
changes may reflect increased physiological stress elicited during RAC supplementation. 
Ractopamine hydrochloride may mimic the typical stress response, which, as noted before, 
would decrease Fe in the plasma, and may increase Cu concentration, through increases in the 
Cu-dependent acute phase protein ceruloplasmin (Goldstein et al., 1982), which was not directly 
measured in this study. Typically, plasma Zn concentrations decrease during an immune 
response; however, in the present study supplementation with ZnC may have prevented this 
decrease. Both liver Cu and Zn concentrations were increased linearly by ZnC supplementation 
in combination with RAC, a trend similar to improved performance. The changes found in this 
study suggest that trace mineral flux and requirements in response to RAC-supplementation are 
not well understood and further research is warranted. 
Alternatively, the overall increase in the inflammatory response could be a part of the 
mechanism of βAR desensitization, as cytokines can cause uncoupling of the receptor from 
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adenylyl cyclase, decreasing cAMP production in rat cardiac myocytes (Chung et al., 1990). 
Desensitization is a part of the βAR response to an agonist, characterized by a decrease in 
adenylyl cyclase activity, and then receptor number (Scarpace and Abrass, 1982). It appears that 
supplementing steers with RAC causes a mild inflammatory response, which in turn modulates 
trace mineral homeostasis in these animals, as reflected by altered plasma Cu and Fe 
concentrations. Previous research has shown that Zn supplementation can impact the 
inflammatory and immune responses (Overbeck et al., 2008; Prasad, 2008). Interestingly, 
supplementing ZnC appeared to lessen this immune response to RAC as reflected in the linear 
decrease in plasma haptoglobin, and may have prevented the decrease in plasma Zn that typically 
accompanies an immune response, perhaps suggesting another manner in which Zn may be 
positively affecting weight gain of cattle consuming RAC.  
During the pre-RAC period, supplementing 60 mg of Zn/kg diet DM as ZnC provided an 
improvement in performance. The supplementation of either 30 or 90 mg Zn/kg diet DM from 
ZnC did not improve performance of steers compared with control steers during the pre-RAC 
period. This suggests that Zn60 may be the optimum concentration to include in the diet when 
RAC is not supplemented. Previous research has shown little benefit to performance when 
supplementing well above the documented Zn requirement for finishing cattle (Malcolm-Callis 
et al., 2000) Using an organic source when supplementing the diet with only 25 mg/kg diet DM 
of Zn (51 mg Zn/kg total diet) has improved ADG and G:F in steers (Spears and Kegley, 2002); 
however, the supplemental Zn concentration in each diet in the present study was not less than 
60 mg/kg diet DM (88 mg Zn/kg total diet).  
Supplementing a ZnC source similar to the one in this study was shown to increase BF as 
measured after harvest when compared with the same Zn concentration provided by ZnSO4 
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(Malcolm-Callis, 2000).  However, increasing the overall dietary Zn concentration regardless of 
supplemental Zn source (Zn-proteinate or Zn oxide) has also increased BF (Spears and Kegley, 
2002). Steers consuming the Zn60 diet may have been further along in their growth curve at the 
beginning of the RAC period, as evidenced by their greater BW, and greater BF as measured by 
ultrasound on d 86. Differences in growth potential may explain why the Zn60 steers not 
supplemented with on RAC did not continue to perform better than Zn30 and Zn90, as they did 
during the pre-RAC period, as increased fat is attributed to increased maturity (Owens et al., 
1995). Overall, supplementation of ZnC without RAC did not further improve performance, 
unlike in the pre-RAC period.  
In conclusion, supplementing ZnC at 60 mg ZnC/kg diet DM improved performance 
during the initial 86 days of the 116 d finishing period. However, during the final 28 d, while 
RAC was included in the diet, supplementing 90 mg of ZnC/kg diet DM had the greatest effect 
on the response to RAC, suggesting that the addition of Zn to RAC diets may improve 
performance. Trace mineral status of steers was altered by both Zn and RAC supplementation, 
and future research should investigate the impact of RAC on trace mineral status, and whether 
RAC impacts trace mineral requirements. Zinc supplementation increased plasma cAMP 
concentration, suggesting that Zn may interact with the G-protein coupled receptor pathway to 
potentiate the signal initiated by β-agonist binding to the βAR. Changes in plasma Cu and Fe, 
WBC numbers, and serum IL-8 suggest that RAC may elicit an immune response, but further 
research is required to elucidate the cause of this response, as well as whether this non-specific 
inflammatory response has a positive or negative impact on growth performance. 
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Table 1. Diet composition for the pre-ractopamine hydrochloride (RAC) and RAC periods (d 0 
to d 116) 
Ingredient % of diet DM  
Dry-rolled corn           61.0 
Corn dried distillers grains1          17.9 
Corn silage          14.0 
Treatment premix2            5.0 
Limestone            1.51 
Salt            0.31 
Vitamin A premix3            0.11 
Trace mineral premix4            0.16 
Rumensin905            0.01 
Analyzed composition  
Crude protein6, %           13.5 
NDF6, %           17.1 
Ether extract6, %             6.1 
NEg6, Mcal/kg             1.31 
Zn, mg/kg           88 
1For RAC fed treatments during the RAC period (d 88 to d 116) corn dried distillers grains were 
displaced to achieve 300 mg RAC⋅steer-1d-1 
2Treatment premix used dried distillers grains as the carrier and provided: CON = 0 mg Zn/kg 
diet DM from a Zn amino acid complex (ZnC); Zn30 = 30 mg Zn/kg diet DM from ZnC; Zn60 = 
60 mg Zn/kg diet DM from ZnC; Zn90 = 90 mg Zn/kg diet DM from ZnC. 
3Vitamin A premix contained 4,400,000 IU vitamin A/kg. 
4Provided per kg of diet:  60 mg Zn; 48 mg Mn; 0.75 mg I; 0.24 mg Se; 17.6 mg Cu; and 0.38 
mg Co (all inorganic sources).  
5Provided at 27 g/909.1 kg of diet (donated by Elanco Animal Health, Greenfield, IN). 
6Chemical analysis was completed by Dairyland Laboratories (Arcadia, WI). 
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Table 2. Effect of feeding a Zn amino-acid complex (ZnC) for 86 d on growth performance of finishing beef cattle during the pre-
ractopamine hydrochloride (RAC) period (d 0 to d 86) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Treaments: a dry-rolled corn-based diet plus 60 mg Zn/kg from ZnSO4 and no supplemental ZnC (CON; analyzed 88 mg Zn/kg DM; 
n = 6) or CON diet plus 30 (Zn30; n = 12), 60 (Zn60; n = 12) or 90 (Zn90; n = 11)) mg Zn/kg from ZnC. 
2Contrasts: A = CON vs Zn30, Zn60 and Zn90; B = the linear effect of Zn; C = the quadratic effect of Zn. † P ≤ 0.10; * P ≤ 0.05, ** P 
≤ 0.01. Contrasts not listed: P ≥ 0.15. 
3A 4% pencil shrink was applied to all live BW measures, which were also used in the calculation of ADG and G:F. 
4Day 0 BW was used as a covariate in analysis. 
5Weight on d 86 of the pre-RAC period. 
6BW, ADG, and G:F are repeated measures based on weights from d 28, 56 and 86. Time: P < 0.01, for all repeated measures, and 
there was a significant treatment × time interaction for BW (P = 0.05). 
7Estimated carcass performance was calculated using equations for estimated beginning HCW, and carcass-based ADG and G:F from 
Tatum et al.(2012). 
8Day 0 estimated beginning HCW was used as a covariate in analysis. 
 Treatments1  Contrasts2 
Variable CON Zn30 Zn60 Zn90 SEM  
Live performance       
Initial BW3, kg 381 384 375 379 5.2  
Ending BW3,4,5, kg 554 547 571 542 6.1 C† 
Repeated measures6       
BW3,4, kg 473 467 480 467 2.1 C† 
DMI4, kg   11.3   11.4   11.0   11.0 0.17 B† 
ADG3,4, kg/d     2.05     1.98     2.20     1.90 0.070 C† 
G:F3,4     0.180     0.174     0.197     0.168 0.0065 C† 
Estimated carcass performance7,8       
Final5, kg 360.2 355.2 372.7 351.7 4.56 C† 
ADG, kg/d     1.46     1.41     1.61     1.36 0.053 C† 
G:F     0.129     0.124     0.142     0.121 0.0051  
Ultrasound9       
Ribeye area, cm2   90.3   88.4   91.5   89.0 1.76  
Back fat, cm     1.32     1.32     1.46     1.17 0.070 C† 
IMF10, %     6.27     6.25     6.18     6.16 0.242  
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9Day 0 values were used as covariates in analysis. 
10IMF = intramuscular fat of the ribeye area. 
  
 
222
Table 3. Effect of feeding a Zn amino-acid complex (ZnC) for 86 d on liver and plasma trace mineral concentrations of finishing beef 
cattle during the pre-ractopamine hydrochloride (RAC) period (d -5 to d 78) 
 
 
 
 
 
 
 
 
 
 
 
1Treaments: a dry-rolled corn-based diet plus 60 mg Zn/kg from ZnSO4 and no supplemental ZnC (CON; analyzed 88 mg Zn/kg DM; 
n = 6) or CON diet plus 30 (Zn30; n = 12), 60 (Zn60; n = 12) or 90 (Zn90; n = 11)) mg Zn/kg from ZnC. 
2Contrasts: A = CON vs Zn30, Zn60 and Zn90; B = the linear effect of Zn; C = the quadratic effect of Zn. † P ≤ 0.10; * P ≤ 0.05, ** P 
≤ 0.01. Contrasts not listed: P ≥ 0.15. 
3Day -5 values were used as a covariate in analysis. 
 Treatments1  Contrasts2 
Variable CON Zn30 Zn60 Zn90 SEM  
Liver3, mg/kg 
DM 
      
Cu 374 341 335 304    30.6  
Zn 122 122 122 129      7.2  
Plasma3, mg/L       
Cu     1.05     1.13     1.10     1.16 0.048  
Fe     2.31     2.26     2.19     2.28 0.133  
Zn     1.30     1.44     1.35     1.48 0.041 A*, B* 
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Table 4. Effect of feeding a Zn amino-acid complex (ZnC) for 86 d on plasma analytes, blood count, and DNA damage in finishing 
beef steers during the pre-ractopamine hydrochloride (RAC) period (d -5 to d 78) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Treaments: a dry-rolled corn-based diet plus 60 mg Zn/kg from ZnSO4 and no supplemental ZnC (CON; analyzed 88 mg Zn/kg DM; 
n = 6) or CON diet plus 30 (Zn30; n = 12), 60 (Zn60; n = 12) or 90 (Zn90; n = 11)) mg Zn/kg from ZnC. 
2Contrasts: A = CON vs Zn30, Zn60 and Zn90; B = the linear effect of Zn; C = the quadratic effect of Zn. † P ≤ 0.10; * P ≤ 0.05, ** P 
≤ 0.01. Contrasts not listed: P ≥ 0.11. 
3Day -5 values were used as covariates in analysis. 
4WBC = white blood cell. 
5Measured in arbitrary units. 
 Treatments1  Contrasts2 
Variable CON Zn30 Zn60 Zn90 SEM  
Plasma3       
cAMP, pmol/mL   0.65   0.86   1.02   1.10  0.181 B† 
Haptoglobin, mg/dL   8.14   7.94   8.03   8.24  0.375  
Serum3       
IL-8, pg/mL 187.7 121.8 104.9 217.2  43.31 C* 
Whole blood3       
WBC4, x103/µl    7.52    9.14    8.63    9.14 0.456 A*, B* 
Neutrophils, x103/µl   2.14   3.01   2.60   2.95 0.274 A† 
Lymphocytes, x103/µl   4.59   5.45   5.22   5.38 0.263 A* 
Monocytes, x103/µl   0.392   0.431   0.413   0.457 0.0381  
Eosinophils, x103/µl   0.205   0.185   0.159   0.311 0.0446 C† 
Basophils, x103/µl   0.046   0.078   0.068   0.073 0.0070 A**, B*, C† 
Comet assay3       
DNA in tail, % 37.2 39.5 39.1 40.2 1.98  
Tail length5 119 132 121 125 8.0  
Tail moment5 50.3 60.6 54.9 56.8 5.33  
  
 
224
Table 5. Effect of a Zn amino-acid complex (ZnC) and ractopamine hydrochloride (RAC) on growth performance of finishing beef  
steers during the RAC period (d 86 to d 116) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Treatments: CON = no supplemental ZnC; Zn30 = 30 mg Zn/kg diet DM from ZnC; Zn30R = 30 mg Zn/kg diet DM from ZnC and 
300 mg⋅steer-1d-1 RAC; Zn60 = 60 mg Zn/kg from ZnC; Zn60R = 60 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC; Zn90 = 90 mg 
Zn/kg from ZnC; Zn90R = 90 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC. 
2Contrasts = D: CON vs. Zn30, Zn60, Zn90; E: linear effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); F: 
quadratic effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); G: linear effect of Zn within non-RAC 
supplemented treatments (CON, Zn30, Zn60, Zn90); H: quadratic effect of Zn within non-RAC supplemented treatments (CON, 
Zn30, Zn60, Zn90); I: effect of RAC supplementation (Zn30, Zn60 and Zn90 vs. Zn30R, Zn60R and Zn90R† P ≤ 0.10; * P ≤ 0.05, ** 
P ≤ 0.01. Contrasts not listed: P ≥ 0.15. 
3Initial BW = Weights from d 86. 
4A 4% pencil shrink was applied to all live BW measures, which were used in the calculation of ADG and G:F. 
5Day 86 values were used as covariates in analysis. 
6Carcass adjusted performance data calculation of final BW was determined by dividing HCW by the average dressing percentage of 
62.5%.
 Treatments1  Contrasts2 
Variable CON Zn30 Zn30R Zn60 Zn60R Zn90 Zn90R SEM  
Live performance          
Initial BW3,4, kg 557 572 552 576 550 532 549 12.3 H* 
Final BW4,5, kg 598 597 601 592 602 596 613   3.6 E*, I ** 
DMI5, kg   10.5   10.2   10.8   10.5   10.8   11.2   11.1   0.26 I** 
ADG4,5, kg/d     1.42     1.38     1.51     1.21     1.56     1.34     1.90   0.119 E*, I ** 
G:F4,5     0.132     0.129     0.133     0.111     0.140     0.125     0.165   0.0108 E*, I** 
Carcass adjusted 
performance5,6 
         
Final BW, kg 596.2 601.3 600.2 593.8 609.5 597.0 612.3   5.18 E†, I* 
ADG, kg/d     1.26     1.42     1.38     1.18     1.67     1.28     1.76   0.162 E†, I* 
G:F     0.122     0.127     0.120     0.105     0.152     0.116     0.178   0.0149 E**, I** 
Ultrasound5          
Ribeye area, cm2   94.2   94.6   90.8   90.5   95.7   91.3   96.6 1.90 E* 
Back fat, cm     1.60     1.42     1.52     1.45     1.55     1.44     1.63 0.088 I† 
IMF, %     6.72     6.59     7.06     7.08     6.68     6.58     6.37 0.176 E** 
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Table 6. Effect of a Zn amino-acid complex (ZnC) and ractopamine hydrochloride (RAC) on carcass characteristics of finishing beef 
steers  
1Treatments: CON = no supplemental ZnC; Zn30 = 30 mg Zn/kg diet DM from ZnC; Zn30R = 30 mg Zn/kg diet DM from ZnC and 
300 mg⋅steer-1d-1 RAC; Zn60 = 60 mg Zn/kg from ZnC; Zn60R = 60 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC; Zn90 = 90 mg 
Zn/kg from ZnC; Zn90R = 90 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC. 
2Contrasts = D: CON vs. Zn30, Zn60, Zn90; E: linear effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); F: 
quadratic effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); G: linear effect of Zn within non-RAC 
supplemented treatments (CON, Zn30, Zn60, Zn90); H: quadratic effect of Zn within non-RAC supplemented treatments (CON, 
Zn30, Zn60, Zn90); I: effect of RAC supplementation (Zn30, Zn60 and Zn90 vs. Zn30R, Zn60R and Zn90R). † P ≤ 0.10; * P ≤ 0.05, 
** P ≤ 0.01. Contrasts not listed: P ≥ 0.11. 
3Day 86 body weights were used as covariates in analysis. 
4Marbling scores: slight: 300, small: 400, modest: 500. 
5Quality grade: Select+: 2, Choice-: 3, Choice: 4. 
 Treatments1  Contrasts2 
Variable CON Zn30 Zn30R Zn60 Zn60R Zn90 Zn90R SEM  
Carcass characteristics3          
HCW, kg 388.5 391.8 391.1 386.9 397.1 389.0 399.0    3.38 E†, I* 
Dressing percentage, %   62.3   62.9   62.4   62.8   63.3   62.7   62.5    0.59  
Back fat, cm 1.65 1.45 1.37 1.41 1.18 1.27 1.36 0.127 D* 
Ribeye area, cm2   80.6   87.4   82.8   84.1   85.9   84.2   85.1    2.58  
Yield grade 3.88 3.38 3.53 3.48 3.16 3.30 3.41 0.188 D*, G† 
Marbling score4 470 476 520 468 427 471 462  34.2  
Quality grade5 3.20 3.18 3.84 3.15 2.84 3.22 3.34 0.413  
KPH, % 2.50 2.57 2.59 2.55 2.18 2.34 2.26 0.135 E† 
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Table 7. Effect of a Zn amino-acid complex (ZnC) and ractopamine hydrochloride (RAC) on liver and plasma trace mineral  
concentrations of finishing beef steers during the RAC period (d 78 to d 111) 
 
 
 
 
 
 
 
 
 
 
 
 
1Treatments: CON = no supplemental ZnC; Zn30 = 30 mg Zn/kg diet DM from ZnC; Zn30R = 30 mg Zn/kg diet DM from ZnC and 
300 mg⋅steer-1d-1 RAC; Zn60 = 60 mg Zn/kg from ZnC; Zn60R = 60 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC; Zn90 = 90 mg 
Zn/kg from ZnC; Zn90R = 90 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC. 
2Contrasts = D: CON vs. Zn30, Zn60, Zn90; E: linear effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); F: 
quadratic effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); G: linear effect of Zn within non-RAC 
supplemented treatments (CON, Zn30, Zn60, Zn90); H: quadratic effect of Zn within non-RAC supplemented treatments (CON, 
Zn30, Zn60, Zn90); I: effect of RAC supplementation (Zn30, Zn60 and Zn90 vs. Zn30R, Zn60R and Zn90R). † P ≤ 0.10; * P ≤ 0.05, 
** P ≤ 0.01. Contrasts not listed: P ≥ 0.11. 
3Day 78 values were used as covariates in analysis. 
 Treatments1  Contrasts
2 
Variable CON Zn30 Zn30R Zn60 Zn60R Zn90 Zn90R SEM  
Liver3, mg/kg 
DM 
         
Cu 346 336 378 277 340 322 282  24.2 E** 
Zn 118 115 120 111 105 120 104    5.8 E* 
Plasma3, mg/L          
Cu     1.14     1.07     1.29     1.12     1.24     1.09     1.23 0.047 I† 
Fe     2.33     2.29     2.16     2.47     2.22     2.53     2.25 0.129  
Zn     1.62     1.38     1.50     1.52     1.55     1.41     1.52 0.064 D† 
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Table 8. Effect of a Zn amino-acid complex (ZnC) and ractopamine hydrochloride (RAC) on plasma analytes, complete blood count,  
and DNA damage of finishing beef steers during the RAC period (d 78 to d 111) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Treatments: CON = no supplemental ZnC; Zn30 = 30 mg Zn/kg diet DM from ZnC; Zn30R = 30 mg Zn/kg diet DM from ZnC and 
300 mg⋅steer-1d-1 RAC; Zn60 = 60 mg Zn/kg from ZnC; Zn60R = 60 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC; Zn90 = 90 mg 
Zn/kg from ZnC; Zn90R = 90 mg Zn/kg from ZnC and 300 mg⋅steer-1d-1 RAC. 
2Contrasts = D: CON vs. Zn30, Zn60, Zn90; E: linear effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); F: 
quadratic effect of Zn within RAC supplemented treatments (Zn30R, Zn60R, Zn90R); G: linear effect of Zn within non-RAC 
supplemented treatments (CON, Zn30, Zn60, Zn90); H: quadratic effect of Zn within non-RAC supplemented treatments (CON, 
Zn30, Zn60, Zn90); I: effect of RAC supplementation (Zn30, Zn60 and Zn90 vs. Zn30R, Zn60R and Zn90R). † P ≤ 0.10; * P ≤ 0.05, 
** P ≤ 0.01. Contrasts not listed: P ≥ 0.11. 
3Day 78 values were used as covariates in analysis. 
4WBC = white blood cell. 
5Measured in arbitrary units.
 Treatments1  Contrasts2 
Variable CON Zn30 Zn30R Zn60 Zn60R Zn90 Zn90R SEM  
Plasma3          
cAMP, pmol/mL     0.49     0.74     0.75     0.74     0.69     0.82     0.64   0.130 D† 
Haptoglobin, mg/dL     6.67     7.53     9.32     7.05     7.03     6.86     6.67   1.014 E† 
Serum3          
IL-8, pg/mL 127 123 182 115 98 78 305 53.6 F*, I* 
Whole blood3          
WBC4, x103/µl     9.48     7.64     8.68     8.83     8.93     7.48     9.10   0.444 D*, G*, I* 
Neutrophils, x103/µl     2.64     2.41     2.60     2.55     2.55     2.36     2.76   0.185  
Lymphocytes, x103/µl     5.95     4.99     5.27     5.61     5.60     4.65     5.57   0.241 D*, G**, I* 
Monocytes, x103/µl     0.24     0.20     0.26     0.23     0.25     0.20     0.25   0.019 I* 
Eosinophils, x103/µl     0.48     0.45     0.63     0.31     0.48     0.23     0.42   0.094 G†, I* 
Basophils, x103/µl     0.069     0.050     0.061     0.065     0.067     0.046     0.066   0.0068 I* 
Comet assay3          
DNA in tail, % 44.3 45.7 46.9 48.3 46.1 46.3 45.4 2.35  
Tail length5 136 144 147 155 149 152 152 9.8  
Tail moment5 69.9 74.5 76.5 83.8 76.2 77.1 80.1 6.53  
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CHAPTER 8. 
 
GENERAL CONCLUSIONS 
 
 
Trace minerals (TM) are involved in many biochemical processes within the body, 
including growth and development, nutrient metabolism, and antioxidant status. The purpose of 
this research was to determine how TM supplementation influences the TM status, inflammatory 
response, and growth and carcass characteristics of growing and finishing feedlot cattle. The 
studies completed and described in this dissertation have revealed a potential role of various 
sources of TM in diet digestibility, live growth and carcass characteristics, as well as the 
response to a β-adrenergic receptor agonist. 
 Inorganic TM (sulfate-bound TM) are traditionally utilized to meet the needs of cattle. 
Alternative TM supplementation from unique TM sources has been suggested to prevent 
negative ruminal interactions with diet digestibility, and other minerals, such as S and Mo, and 
decrease the formation of insoluble complexes, that may prevent the absorption of TM in the 
small intestine. Our hypothesis was that supplementing TM from a hydroxy source, a source that 
has been suggested to be less soluble at ruminal pH, but equally as soluble at an absomasal pH as 
typically supplemented sulfate sources (Spears, 2003; Spears et al., 2004) would have no impact 
on dry matter and fiber digestibility. We found that diets supplemented with sulfate TM had 
approximately 2% less dry matter disappearance than diets not supplemented with TM, but diets 
supplemented with hydroxy TM had disappearance that was not different from non-
supplemented diets. The ruminal solubility of hydroxy Mn and Cu was lesser than sulfate bound 
Mn and Cu, suggesting that these sources may be less susceptible to formation of insoluble 
complexes in the rumen that may prevent absorption farther downstream. 
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 Injection of TM is another unique way to supplement TM, as the TM will bypass the 
gastrointestinal tract entirely, and increase TM tissue stores. The results of our work confirm that 
TM injection is an effective method to rapidly increase TM status of cattle. Pogge et al. (2012) 
previously observed that TM injection increases liver Cu and Se concentrations through 15 d 
post-injection relative to saline treated cattle. Our initial TM injection study indicated that liver 
Cu and Se concentrations in TM injected cattle were still increased relative to saline treated 
counterparts 30 d post-injection, but were not different 60 d post-injection. The final study 
narrowed this window, as TM injected steers still had increased liver Cu and Se concentrations at 
40 d post-injection. Overall, our work has determined that TM injection can effectively increase 
Cu and Se status through at least 40 d post-injection. Alternatively, the variable response in liver 
Mn and Zn concentrations to injection, unchanged in the initial study in response to injection, but 
increased by TM injection in the second study and in results reported by Pogge et al. (2012), 
suggests that TM injection may not consistently impact Mn and Zn status. The main storage 
depots of these two TM are unknown, and our results suggest that daily dietary TM 
supplementation is still necessary to maintain adequate TM status. Additionally, there was 
apparent differential storage of TM when a TM injection was administered to steers with mildly 
TM deficient, or adequate TM status, as the increases in both liver Cu and Se concentrations 
were greater in adequate steers, relative to mildly deficient steers. It is possible that mildly 
deficient steers needed to utilize the TM delivered by injection, and therefore stored less TM 
than TM adequate steers. However, the differential utilization of TM by animals of varying 
status has not been investigated.  
Our research suggests that the true utility of TM injection may be limited to calves with 
less than optimal TM status. Mildly TM deficient calves (deficiency created through a 90 d 
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depletion period where calves did not receive supplementation with Cu, Mn, Se, and Zn, but did 
receive supplemental Fe and Mo as dietary antagonists) had a more negative response to transit, 
and lost approximately 32% more BW, and ate 11% less dry matter in the 7 d period surrounding 
transit than TM adequate steers. Our hypothesis was that a TM injection prior to transit would 
partially alleviate the negative physical response to transit. However, when a TM injection was 
delivered 28 d prior to transit to steers that already had adequate status, TM stores were 
increased, but steers did not respond differently to transit stress compared with steers that only 
received saline. Furthermore, TM injection improved ADG and ribeye area and marbling scores 
of cattle that were mildly TM deficient, but in cattle with adequate TM status in both studies, TM 
injection had a minimal influence on growth performance or carcass characteristics. Initial TM 
status appears to be the main factor in the effect of TM injection on cattle performance.  
Although the cattle described in chapter 7 had adequate TM status, they still responded 
positively to Zn supplementation while also receiving the β-agonist ractopamine hydrochloride. 
Growth-promoting technologies are commonly used in the feedlot industry, but they may shift 
the known TM requirements for cattle. We observed a linear increase in average daily gain, body 
weight, and hot carcass weight as Zn supplementation increased (30, 60, or 90 mg supplemental 
Zn from a Zn-amino acid complex/kg diet DM) in ractopamine hydrochloride supplemented 
cattle during the final 29 d of the finishing period, despite the fact that the basal diet already 
contained almost 3 times the NRC (2000) recommended Zn concentration. Yet Zn 
supplementation did not influence growth in cattle not supplied with ractopamine hydrochloride 
during the final 29 d. These results may indicate that when the β-agonist ractopamine 
hydrochloride is utilized, the current TM requirements of cattle may not be enough to promote 
optimum growth performance. This response may also be mediated through the action of Zn 
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within the G-protein coupled receptor pathway, as evidenced by a linear increase in plasma 
cAMP concentrations as Zn supplementation increased (0, 30, 60, or 90 mg supplemental Zn 
from a Zn-amino acid complex/kg diet DM), although this was not influenced by ractopamine 
hydrochloride, but cAMP concentrations were only measured at the beginning and end of 
ractopamine supplementation, and may have differed between measurements. In addition, 
circulation cAMP may not reflect total intracellular cAMP concentrations, although this is 
currently unknown. The mechanism behind the interaction between Zn-amino acid complex 
supplementation and ractopamine hydrochloride on growth of finishing cattle remains to be 
elucidated. 
The influence of additional TM supplementation on markers of the inflammatory 
response also appears to be minimal in cattle with adequate TM status. Although TM injection 
has been observed to increase the activity of the antioxidant enzymes Mn-superoxide dismutase 
and glutathione peroxidase (Pogge et al., 2012), TM injection did not influence inflammatory 
markers in cattle exposed to 20 h of transit or feed and water restriction. The influence of 
differential TM status in cattle exposed to transit stress on markers of the inflammatory response 
could be interesting, due to the involvement of several TM within the inflammatory response, as 
cofactors of antioxidant enzymes. Unfortunately, this response was not characterized in the 
studies reported in chapters 4 and 5, and requires further examination. Increases in several 
markers of the inflammatory responses were noted in cattle supplemented with ractopamine 
hydrochloride, including serum interleukin-8 concentration and leukocyte counts, indicating that 
ractopamine hydrochloride could be causing a non-specific inflammatory response. It is possible 
that Zn was influencing this response, as it may play a modulatory role in inflammation, 
preventing redirection of energy from growth to inflammatory proteins, thus allowing for Zn and 
  
 
232
ractopamine hydrochloride supplemented cattle to have improved growth. However, as 
measurements were only taken at the beginning and end of ractopamine hydrochloride 
supplementation, the characterization of this response and the potential role of Zn are not fully 
understood. This is certainly an opportunity for further investigation. 
The optimum TM source for cattle will heavily depend on the type of diet being fed. 
Cattle being fed diets containing increased concentrations of TM antagonists may benefit from a 
TM source that will bypass the rumen where interactions typically occur, such as a TM injection, 
or is less soluble in the rumen such as a hydroxylated source. Alternatively, feedlot cattle 
receiving ractopamine hydrochloride appear to response positively to supplementation with a Zn-
amino acid bound source; however other trace mineral sources have not been tested. 
Unless cattle have less than optimum TM status, as determined by circulating TM or liver 
TM concentrations below established minimums for adequate cattle, or are experiencing 
increased growth from a growth promoting technology such as a β-agonist, additional 
supplementation of TM beyond documented requirements may not be necessary. Unfortunately, 
TM status is often not evaluated or is unknown, so using a TM injection as a risk management 
tool may be useful for beef producers, given the many roles of TM in processes critical to health 
and growth of cattle. The differences in TM requirements between calves at different stages of 
growth, and the influence of growth-promoting technologies, should be more thoroughly 
investigated, so that TM supplementation programs can be better targeted to achieve maximum 
growth and health of beef cattle. 
 
